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"Cosmic ray research has advanced our 
understanding of fundamental problems in 
physics, when concepts previously used are 
shown to have a limited range of applica-
b i l i t y . Since Cosmic rays contain inform-
ation on the behaviour of matter in the 
smallest (elementary particles) and largest 
dimensions (the universe), they have been 
particularly valuable in testing the concepts 
of daily l i f e in relation to their meaning in 
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ABSTRACT 
The characteristics of hadrons of energy > 300 Gev i n extensive 
a i r showers of size 5.10^ - 1.6.10^ particles at sea level has been 
investigated using a neon flash tube chamber as a hadron detector 
operated in conjunction with part of the Durham a i r shower array. 
The la tera l distribution of hadrons tends to f latten as the shower 
size increases. The energy spectrum in the range 300 - 1000 Gev can 
be represented as a power law with exponent l . o io . l beyond this energy 
the spectrum gradually steepens. 
The energy and shower size dependence, of the quantity E ^ . r 
(reflecting the transverse momenta of hadrons, where i s the hadron 
energy and r , i s the distance between the hadron and shower core) has 
been determined. The results axe in agreement with the hypothesis of 
an increasing transverse momentum of produced particles in ultra-high 
energy col l is ions . 
A measurement of the energy spectrum of hadrons either accompanied 
or not has been performed. In the energy range 400 Gev up to about 8 
Tev the measured differential energy spectrum shows a constant slope of 
2.74 ±0.16. 
A search for magnetic monopoles has been carried out. Eleven 
anomolous events that could be attributed to high Z -partic les ( Z - 20) 
have been observed. 
To estimate the energy of hadrons interacting in a thick (l5cms) 
lead or iron (l5cms) absorbers, the burst size was detected by sc int i l la tors 
placed under the lead and the iron. A calculation has been carried out to 
relate the burst size and the hadron energy. 
PREFACE 
This thesis describes the work performed by the author in the 
Physics Department of the University of Durham while he was a research 
student under the supervision of Dr. F . Ashton. 
A study of high energy nuclear active particles in extensive a ir 
showers has been carried out using a large f lash tube chamber. 
The energy spectrum of unaccompanied hadrons was also measured. 
A search for magnetic monopoles was carried out. Eleven possible 
high *Z particles-has been observed. 
The author has shared with his colleagues i n the construction of 
the experiment. The running of the Chamber, the collection of data, 
analysis and interpretation of the data was the sole responsibility of 
the author. 
The result concerning the observation of high transverse momentum 
was presented at the 5th European Cosmic Ray Symposium in Leeds by 





Towards the earth from a l l directions and at a l l times a continuous 
stream of various kinds of particles of extremely high energy are 
incident on the top of the atmosphere. According to our present 
knowledge most of these particles are protons. Heavier nuclei , electrons, 
positrons and X-rays have also been detected. 
In traversing the atmosphere the primary radiation (the particles 
which have s t i l l not entered the atmosphere) interact with a i r atomic 
nuclei and generate new particles . The group of generated particles 
are known as secondary particles and proceed towards the earth. MesonG 
are the most abundant particles amongst the secondaries, that are produced 
by conversion of Kinetic energy of the primary to matter. 
In spite of the low level f lux of the primary particles at high energy, 
i t i s possible to investigate new kinds of nuclear processes which can not 
be done in any other way. A detailed study of these new processes i s 
important in contributing to the solution of particle physics problems. 
The main problem that one can hope to examine i s the nature and the origin 
of the forces responsible for binding the portotrs which constitute protons 
and neutrons in the atomic nucleus. So cosmic rays can lead us to the 
discovery of phenomena which are of fundamental importance for the under-
standing of interactions in the region of cosmic ray energies. 
1.2 Historical review 
After the discovery of X-rays in 1895 and radioactivity shortly 
after, one phenomenon remained unknown for a long time. The fact was 
scir.r.E 
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that whatever attempts '.rcrc made to maintain the ? c w s o f the ordinary 
clcctroscopo apart . A f t e r charging e l e c t r i c a l l y , they fe?.l some time 
a f t e r , as t h e i r charge C^JJdually leaked nv/ay. 
A specu.lat.ion arose whether the electroscope was e f fec ted by so ne 
other, s t i l l unknown rrxb' a t ion. Although the electroscope v:as shielded 
raAioeLti&e 
from X-rays and vadi^.tivc r : d i a t i o n , nothing could stop t h i s Hystericus 
rad ia t ion . I t was thought that presumably t h i s rad ia t ion was emitted 
"by sane sor t of radioactive substances s t i l l unknown i n the earth 's c rus t . 
On the basis r f t h i s hy 7.0thesis the .Intensity of th is r r .d ia t ion has to 
nn.turr.lly decrease w i t h increasing height -.\bove the surface of tiie e?i-th. 
I'o o:iL;iine t h i s postulat ion the Germ?n phys ic i s t "..*. Ileus md two other 
people i n l n 12 begm to launch balloons c carrying recording apparatus to an 
a l t i tude of 50C- metres. I t was surpr is ing thr.t the i n t ens i t y dec recced 
f o r some a l t i tudes , tlien increased. I t vras not clear where th is i o n i s i n g 
radia t ion i s coming from. Some argued thr.t t h i s could be due to radio-
active -;:.srr. high i n the -.triosphere or night be the e f f e c t o f thunderstorms. 
To Imow r.-!.o-j."e about th i s unknown rad ia t ion I l l l i k a n and h i s collaborators 
carr ied out serien of remarkable experiments between the years 19^5 to 
1926. I - jL j . l ik fn ' s e::pe rirnonts showed that the rad ia t ion discovered by 
Hens, cone beyond the c L . r t h ' r ;*tnosphere and was given the nnrie cosmic rays. 
At that time the only k ind of radiat ions known were,Ct , & and Y . 
From these three typos of radiat ions Y - r ay could traverse tie whole at-
mosphere and roach the ear th . So the cosnic rays assiimed to be photons. 
But some geomagnetic e f fec t s proved that th i s lvxl i r . t ion i s composed of 
charged pa r t i c l e s . Kore experiments showed that the primary radiations are 
mainly posi t ive pa r t i c l e s , presumably hydrogen nucle i (protons) . 
The discovery of positrons came .-.bout a f t e r 
3 
the observation of the electron-photon cascade by Rossi, that postulated 
by Dirac. Neddermeyer and Anderson discovered unions i n 1937. The mass 
of muons was found to be approximately 200 electron masses and i t was 
found that they occur almost i n equal numbers as positive and negative. 
The ratio of the positive to negative implied that muons are secondaries 
and the interaction of primary charged particles to produce secondaries 
was proved. 
1.3 Cosmic ravs and particle -physics 
The study of Cosmic radiation has two main features. I t deals 
with both the large scale universe and the t iniest partic les . In 
other words there are two important aspects to Cosmic ray studies -the 
astrophysical and the nuclear physical. 
Cosmic radiation i s one of the most powerful means of carrying 
astrophysical information from otherwise inaccessible regions of space. 
The various high-energy particles including high energy photons 
(x and ^ yrays) axe sources and carriers of astronomical information. 
Energies orders of magnitude greater than those attainable by present 
accelerators enable the Cosmic ray physicist to probe deeper than 
anyone else into the structure of matter. 
The energy of particles produced in accelerator machines has reached 
about 2.10^ Gev ( i . S . R . ) . The Cosmic ray energy spectrum, however, extends 
20 
to at least 10 ev and no indication of a cut-off has been found, so far . 
Figure 1.1 shows the primary Cosmic ray energy Bpectra measured by d i f f -
erent methods. 
I t was at these ultra-hifh energies that Cosmic ray people discovered 
the existence of many stable part ic les , for instance, the discovery o f T l ' 
and^/tmesons^and-Kaons^the "strange" part ic les . I t was at Cosmic ray 
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Figure 1.1. Primary cosmic ray spectra. 
(After Wolfcndate, 1973) 
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energies t h a t l e d i n v e s t i g a t o r s to the d i scovery o f secondary p a r t i c l e s 
o f v e r y h i g h t ransverse momentum and severa l o the r fundamental phenomena 
such as the increase i n N - N p r o d u c t i o n , the r i s i n g o f p - p c r o s s - s e c t i o n 
and the change i n the m u l t i p l i c i t y o f secondaries w i t h energy. 
I t should be p o i n t e d out , as the energy o f the p a r t i c l e s goes up the 
s tudy o f Cosmic rays becomes more d i f f i c u l t , s ince the i n t e n s i t y o f the 
h i g h energy p a r t i c l e s i s vreak. As a r e s u l t , the u n c e r t a i n t i e s 
i n the study o f nuc lea r i n t e r a c t i o n increases . 
The s tudy o f va r ious Cosmic r a y spec t ra a t d i f f e r e n t obse rva t ion 
l e v e l s i n the atmosphere makes i t p o s s i b l e to s tudy the propaga t ion o f 
nucleons through the atmosphere. 
The bes t r e g i o n f o r i n v e s t i g a t i n g phenomena revea led i n h i g h energy 
i n t e r a c t i o n s i s the core o f ex tens ive a i r showers, which are produced b y 
the i n t e r a c t i o n o f a v e r y h i g h energy p r imary p a r t i c l e w i t h the a i r 
n u c l e i , p roduc ing a l a r g e number o f d i f f e r e n t k inds o f secondary p a r t i c l e s . 
Recent ly much e f f o r t has been made to o b t a i n more i n f o r m a t i o n on 
the s t r u c t u r e o f a i r shower cores . This r e g i o n o f an a i r shower i s ... 
impor tan t s ince i t con ta ins the most energe t i c nuc l ea r a c t i v e p a r t i c l e s 
u s e f u l f o r d i f f e r e n t measurements. Most i m p o r t a n t , the core s t r u c t u r e 
can g ive i n f o r m a t i o n r e g a r d i n g the compos i t ion o f the p r imary r a d i a t i o n 
o r the d i s t r i b u t i o n o f h i g h t ransverse momentum. Therefore f r o m a i r 
shower s tud ie s i n f o r m a t i o n about the c h a r a c t e r i s t i c s o f h i g h energy 
i n t e r a c t i o n s can be o b t a i n e d . 
I t should be mentioned t h a t the i n f o r m a t i o n ob ta ined f r o m a i r shower 
experiments i s the r e s u l t o f the s u p e r p o s i t i o n o f numerous processes t a k i n g 
place a long the a x i s o f the shower f r o m the f i r s t i n t e r a c t i o n o f the p r imary 
t o the l e v e l o f obse rva t ion which i s seve ra l i n t e r a c t i o n lengthsaway f r o m 
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the p o i n t o f i n i t i a t i o n . For t h i s reason i t i s d i f f i c u l t to i d e n t i f y 
accu ra t e ly the v a r i o u s shower processes f rom the i n f o r m a t i o n ob ta ined i n 
the exper iments . 
A poss ib l e approach to t a ck l e the problem i s by Computer s i m u l a t i o n 
o f a i r showers,, though t h i s way o f approach does no t remove the whole 
problem. This method i s based on the c o n s t r u c t i o n o f a shower model, 
i n c l u d i n g va r ious i n t e r a c t i o n parameters, i n the fo rm o f a Computer 
program. 
Because o f - a - l a c k o f a d e t a i l e d knowledge on the processes i n v o l v e d , 
c o n s t r u c t i o n o f a r e a l i n t e r a c t i o n model w i t h o u t any u n c e r t a i n t y i s 
d i f f i c u l t . Therefore the a i r shower s imu la t i ons are rough approximation s 
o f the a c t u a l p h y s i c a l processes. 
1.4 The nature o f -primary Cosmic r a d i a t i o n 
I t i s b e l i e v e d t h a t the p r imary Cosmic r a y composi t ion cons i s t s o f 
about 80% protons (hydrogen n u c l e i ) , 10J6 a lpha p a r t i c l e s (he l i um n u c l e i ) 
and about 1% o f n u c l e i w i t h atomic number 3£ more than 2 up to a few Gev 
per nuc leon . The measurement o f n u c l e i i n p r i m a r y Cosmic rays now A 
20 
extends up to 10 ev. I n f i g u r e 1.2 the Cosmic ray spec t r a o f d i f f e r e n t 
Tu-lLu.sten 
pr imary component c a l c u l a t e d and summarised by Ju l - l i son (1975) i s shown. 
I n f i g u r e 1.3 a pos s ib l e i n t e r p r e t a t i o n on the bas i s o f t h i s c a l c u l a t i o n 
i s seen. This c a l c u l a t i o n has c a r r i e d ou t r e l a t i n g t o the composi t ion 
o f Cosmic rays a t 1 0 1 0 t o 1 0 ^ ev /nuc leus . Some o f the r e s u l t s o f the 
r e l a t i v e composi t ion o f the d i f f e r e n t charge group i s recorded i n t a b l e 1 , 
normal ised as a percentage o f the t o t a l . I t can be concluded t h a t a t 
h ighe r energies i r o n i s as abundant as hydrogen n u c l e i i n the p r imary 
Cosmic r a y s . I r o n i s p o s s i b l y the most abundant component o f the 
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Figure 1.2 Energy p e r nucleus spec t ra o f cosmic r^ys 
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Figure 1.3 A p o s s i b l e i n t e r p r e t a t i o n o f cosmic rays spect ra 
( A f t e r J u l i u s s o n , 1975) 
TABLE 1 _ COMPOSITION OF COSMIC RAYS AT HIGH ENERGIES 
KINETIC ENERGY PER NUCLEUS (eV) 
ELEMENTS 10 1 0 10 1 1 10 1 2 10 1 5 
1 Hydrogen 58 + 5 47 + 4 42 + 6 24 + 6 
2 Hel ium 28 + 3 25 + 3 20 + 3 15 + 5 
3 - 5 L i g h t - n u c l e i 1.2 +0.1 1.1 + 0.1 0.6 + 0.2 
6 - 8 Medium-nuclei 7.1 + 0.4 12.2+ 0.8 1 4 + 2 
10 -14 Heavy-nucle i 2.8 + 0.2 6.7 + 0.5 10 + 1 
16 -24 Very heavy-nuc le i 1.2 + 0.2 3.6 + 0.4 4 +1 
26 -28 I r o n group n u c l e i 1.2 + 0.2 4.5 + 0.5 10 + 2 24 + 7 
30 Very v e r y heavy-nuc le i .007 + .004 
1.5 The o r i g i n o f cosmic rays 
A f t e r e x t r a o r d i n a r y achievement i n t h i s s u b j e c t through the passage 
o f n e a r l y 65 years since the d i scovery o f the Cosmic r a d i a t i o n , s t i l l , 
the o r i g i n and the way o f a c q u i r i n g t h e i r tremendous energies i s i n doubt . 
At f i r s t i t was b e l i e v e d t h a t the sun i s the o n l y source o f Cosmic p a r t i c l e s , 
b u t , the s u s p i c i o n arose t o t h i s i d e a a f t e r the i n d i c a t i o n o f the u n i f o r m i t y 
o f i t s i n t e n s i t y . 
Cosmic rays come no t o n l y f r o m the sun b u t f r o m everywhere i n the 
Unive r se . At the present time Cosmic r a y people b e l i e v e t ha t sun, s t a r s , our 
ga laxy and o t h e r ga l ax ie s together are the sources o f Cosmic rays and t h e i r 
magnetic f i e l d s are respons ib le f o r a c c e l e r a t i n g them. I n f a c t the doubt 
about the o r i g i n o f a l l Cosmic p a r t i c l e s has n o t comple te ly been removed. 
Some people b e l i e v e t h a t the b u l k o f the r a d i a t i o n comes f r o m G a l a c t i c 
sources, such as, supernovae. Some f i n d r a t h e r good reasons f o r supposing 
t h a t the r a d i a t i o n i s e x t r a - g a l a c t i c sources and an i n t e rmed ia t e group 
t h a t b e l i e v e Cosmic rays come f r o m bo th sources. 
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1.6 Secondary p a r t i c l e s 
On pass ing through the atmosphere, the p r imary Cosmic rays c o l l i d e 
w i t h the a i r n u c l e i and produce a v a r i e t y o f secondary p a r t i c l e s . 
Among these secondaries I T * - mesons are the most abundant. A s i g n i -
f i c a n t number o f secondaries are nucleons (p ro tons and neut rons) and K -
mesons. Most o f the p a r t i c l e s cannot s u r v i v e down t o sea l e v e l , 
/X - mesons make a s i g n i f i c a n t c o n t r i b u t i o n to the i n t e n s i t y o f Cosmic 
rays a t sea l e v e l . The remain ing charged p a r t i c l e s a t sea l e v e l are 
e l e c t r o n s p r o t o n s , neutrons and pions and a smal l number o f as y e t 
undetec ted K mesons, an t i p ro tons e t c . i 
1.7 Nuclear a c t i v e p a r t i c l e s i n ex tens ive a i r showers ,J 
The most va luab le c o n t r i b u t i o n t h a t Cosmic rays can make t o the 
unde r s t and ing o f ma t t e r i s to use i t as a h i g h energy beam and l e t i t 
t o c o l l i d e w i t h ma t t e r . This i s n o t so easy, however, s ince as was 
mentioned e a r l i e r the i n t e n s i t y o f u l t r a - h i g h energy p a r t i c l e s i n Cosmic 
rays i s ext remely weak and as the dimensions o f the de t ec to r s are l i m i t e d 
t h i s i n v e s t i g a t i o n cannot be achieved d i r e c t l y , t h e r e f o r e an i n d i r e c t 
method must be se lec ted , namely s t u d y i n g extens ive a i r showers. 
I t i s poss ib l e t o o b t a i n va luab le i n f o r m a t i o n i n extens ive a i r 
showers a t any obse rva t ion l e v e l . The most impor tan t i n f o r m a t i o n can 
be deduced by a c lose i n v e s t i g a t i o n o f the core o f the ex tens ive a i r 
showers. I n t h i s r eg ion the most ene rge t i c nuc lear a c t i v e p a r t i c l e s 
are concen t ra ted . The aim o f the present experiment i s t o study the 
hadromic component o f t h i s r e g i o n . 
I n chapter two o f t h i s t h e s i s the f e a t u r e s o f h i g h energy i n t e r a c t i o n 
are descr ibed . I n t h i s chapter a b r i e f account o f the energy dependence 
o f va r ious i n t e r a c t i o n parameters w i t h the present s t a tu s o f impor tan t 
problems i s presented. 
G 
I n chapter 'j a summary o f measurements o f nuc lear a c t i v e p a r t i c l e s 
i n ex tens ive a i r shr-vcr i s g i v e n . 
Chapter 4 describes the c o n s t r u c t i o n o f one of the th ree s c i n t i l l a t o r s 
b u i l t f o r i n c l u s i o n i n the Durham Extensive A i r Shower a r r a y . 
Chapter 5 deals w i t h the theo ry o f b u r s t p roduc t ion i n lead and i r o n 
absorbers , crJ.ci.il at ions have been dona to o b t a i n the r e l a t i o n between b u r s t 
s ize and hadron energy. 
I n chap te r 6 the f l a s h - t u b e chamber and the arrangement f o r the s tudy 
o f hadrons i n ex tens ive a i r showers i s desc r ibed . I n t h i s chapter the 
ce thod o f 2 . A . S . core l o c a t i o n i s a lso exp l a ined . 
I n chapter 7 the r e s u l t s o f the present experiment , the l a t e r a l 
d i s t r i b u t i o n and energy spectrum c f hadrons i n 2 . A . S . , i s presented. 
Chapter C deals w i t h the i n v e s t i g a t i o n o f the dependence o f mean 
t ransverse momentum on hadron energy and shower s i z e . 
I n chapter 9 the r e s u l t s o f the measurement of the s i n g l e hadron 
energy spectrum i s g i v e n . 
Chapter 10 gives an account o f e leven pon-sible h i g h l y i o n i z i n g 
p a r t i c l e s de tec ted by the chamber i n the course o f the exper iment . 
Chapter 11 summarises the r e s u l t s o f the present experiment . 
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CHAPTER 2 
HIGH ENERGY NUCLEAR INTERACTIONS 
AND THE STUDY OP EXTENSIVE AIR SHOWERS 
2 . 1 I n t r o d u c t i o n 
One o f the aims o f the s tudy o f the nuc lea r i n t e r a c t i o n s due t o . 
h i g h energy Cosmic r a d i a t i o n i s to i n v e s t i g a t e the c h a r a c t e r i s t i c s and 
the s t r u c t u r e o f fundamenta r i u n i t s o f mat te r . As the energy o f the 
c o l l i d i n g p a r t i c l e increases va luab le i n f o r m a t i o n concerning the p r o p e r t i e s 
o f ma t t e r becomes access ib l e . To o b t a i n knowledge o f t h i s k i n d , one 
has t o t u r n to the exper imenta l da ta . 
At present t ime considerable e f f o r t i s b e i n g made to s tudy the . 
behaviour o f h i g h energy nuc l ea r i n t e r a c t i o n s u s i n g b o t h acce le ra to r s 
and Cosmic r a d i a t i o n . I t has now become f e a s i b l e to extend i n v e s t i -
ga t ions on the behaviour o f p r o t o n - p r o t o n i n t e r a c t i o n s up to energies 
o f some 2000 Gev. 
Since the d i scovery o f m u l t i p l e p r o d u c t i o n o f hadrons a t Cosmic ray 
energies was achieved, p a r t i c u l a r i n t e r e s t arose i n unders tanding the laws 
governing the s t rong nuc l ea r i n t e r a c t i o n s , i n o r d e r t o interprete the 
Cosmic ray phenomena a t h i g h e r energies as w e l l as t o v e r i f y the asympiD t i c 
v a l i d i t y o f scale i n v a r i a n c e t h e o r i e s . 
The energy r e g i o n covered by the s tud ies on m u l t i p l e p a r t i c l e p r o -
d u c t i o n extends f r o m a few Gev t o the h ighes t energies a v a i l a b l e i n the 
Cosmic r a d i a t i o n . 
The s tudy o f i n d i v i d u a l events i s poss ib l e by means o f l a r g e photo 
emulsion s tacks where the t r acks o f charged p a r t i c l e s can be seen. 
Since the f l u x o f h i g h energy Cosmic rays i s l o w , the behaviour o f 
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nuc lea r i n t e r a c t i o n s a t h i g h energies i s s t u d i e d by an i n d i r e c t method, 
namely through the study o f extens ive a i r showers ( E . A . S . ) 
The extensive a i r shower phenomena are caused by i n t e r a c t i o n s o f 
p r imary Cosmic rays w i t h the n u c l e i o f a i r atoms. The product o f these 
h i g h energy c o l l i s i o n s are p a r t i c l e s , most o f which are p i o n s . F igu re 
2 . 1 shows the development o f a h i g h energy shower through the atmosphere. 
This i n d i r e c t method o f i n v e s t i g a t i o n compensates f o r the weak f l u x o f 
Cosmic r a d i a t i o n , making i t poss ib le to cover a vas t area by say, 
s c i n t i l l a t i o n d e t e c t o r s . 
What one u s u a l l y would l i k e to know about the c h a r a c t e r i s t i c s o f 
h i g h energy nuc lear c o l l i s i o n s and t h e i r dependence on the p r imary energy 
are as f o l l o w s : 
( a ) The m u l t i p l i c i t y o f d i f f e r e n t k inds o f p a r t i c l e s c rea ted 
i n the c o l l i s i o n , 
( b ; The angular d i s t r i b u t i o n o f the secondary p a r t i c l e s . 
\c) The f r a c t i o n o f energy o f the i n c i d e n t p a r t i c l e s r a d i a t e d 
i n the c o l l i s i o n and the d i s t r i b u t i o n o f t h i s q u a n t i t y among 
the secondaries , termed i n e l a s t i c i t y . 
(d ) The i n t e r a c t i o n c r o s s - s e c t i o n . 
( e ) The na ture o f the c rea ted p a r t i c l e s . 
A survey o f the impor tan t nuc lea r i n t e r a c t i o n parameters w i l l 
c l a r i f y the present s i t u a t i o n o f u l t r a - h i g h energy c h a r a c t e r i s t i c s . 
2.2 V a r i a t i o n o f mean m u l t i p l i c i t y ( n ^ w i t h energy. 
s 
Figure 2.2 shows a survey o f the measurements o f the m u l t i p l i c i t y 
o f produced charged p a r t i c l e s w i t h va r ious pr imary energ ies . On the 
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( a ) 
Where E i s the p r imary energy i n Gev, proposed by Fermi (1950) 
(b ) N s = 4.64 + f-
suggested by Yash Pal and Peters (1964) 
( c ) N = 2 I n (E) 
proposed by Prau t sch i (1963), assuming t h a t f i r e b a l l s are produced w i t h 
m u l t i p l i c i t y according to a l o g a r i t h m i c law and t h a t each f i r e b a l l produces 
about 6 p i o n s . 
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I t i s c l e a r f r o m the f i g u r e t h a t up to an energy o f about 10 Gev a l l 
these m u l t i p l i c i t y laws agree w i t h each o t h e r , b u t beyond t h i s energy the 
exper imenta l da ta are q u i t e d i f f e r e n t , s u f f i c i e n t i n f o r m a t i o n should be 
c o l l e c t e d to f i t the da ta to a reasonable law by t h i s energy. Pinkau (1966) 
has concluded f r o m an i n t e r p r e t a t i o n o f the v a r i a t i o n o f the h e i g h t o f the 
maximum o f shower development w i t h p r imary energy t h a t a l o g a r i t h m i c law 
i s most probable up to p r imary energy about 10^ Gev, however, the e r r o r s 
2.3 Transverse momentum 
C o l l i m a t i o n o f the c rea ted secondary p a r t i c l e s i s one o f the most 
c h a r a c t e r i s t i c s f e a t u r e s o f the i n t e r a c t i o n s f r o m the v iew p o i n t o f 
p a r t i c l e phys ics . Transverse momenta r e f l e c t s the angula r d i s t r i b u t i o n 
o f the secondary p a r t i c l e s o f the product o f the c o l l i s o n s . 
At ve ry h i g h energies the measurement o f t ransverse momenta i s a 
ve ry d i f f i c u l t task and can o n l y be measured f rom the E .A.S . a n a l y s i s . 
Acce lera tor and Cosmic r ay experiments have proved t h a t the mean 
t ransverse momenta o f secondaries i s r a t h e r s m a l l ^ P y ^ O . J - 0.5 Gev/c 
f o r low energy c o l l i s i o n s and s l o w l y increases w i t h p r imary energy. 
V>£J10»W 
are too l a rge t o support t h i s m u l t i p l i c i t y law a c c u r a t e l y . 
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Figure 2,3 shows a summary o f the measured mean t ransverse momenta. 
Var ious a n a l y t i c a l expressions f o r the d i s t r i b u t i o n i n t ransverse 
momentum (P^,) have been g iven by d i f f e r e n t people , h a v i n g ve ry s i m i l a r 
mean va lues . Some o f these expressions are as f o l l o w s : 
P P 
(a) F ( P T ) dP T = - T - 2 exp ( - — ) dP T 
V/here^ P T ^ = 2Po Gev/c by Cocconi, K'oester and Perkins ( l 9 6 l ) . 
2 
2P , P 
(b ) F (P ) dP = - 1 exp ( - — ) dP 
Po Po 
Where Po = 2 ( P T max.) Gev/c by A l y , e t a l . ( 1964 ) . 
2 P„ 
( c ) F ( P T ) dP T = f T _ exp ( - — ) dP T 
2Po 5 P ° 
Where<^PT^ =: 3P0 Gev/c by N i k o l s k i i (1963). 
(d ) F (P ) dP = - i — A) 2 exp C ~ ) dP T 
1.33Po Po Po 
Where ^ P T ) > = 2.5P0 Gev/c suggested by E l b e r t e t a l . (1968) 
The i d e a o f a slow increase i n mean t ransverse momentum might 
n o t be t r u e beyond the p r imary energy 5.10^ Gev, there i s evidence t h a t 
i t increases d r a s t i c a l l y beyond t h i s energy. 
I n chapter 8 o f t h i s t h e s i s f u r t h e r evidence i s presented . 
2 .4 I n e l a s t i c i t y C o e f f i c i e n t 
The i n e l a s t i c i t y of a nuc lea r c o l l i s i o n i s d e f i n e d as the r a t i o cf 
the sum o f the energies go ing i n t o the p r o d u c t i o n o f the secondary p a r t i c l e s 
to the energy o f the c o l l i d i n g p a r t i c l e . 
= £ j 3 s e c . 
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Vftiere £ E g e c i ^ d i 0 * * 8 8 ^he t o t a l sum of the energy t r a n s f e r r e d i n t o 
the secondary p a r t i c l e s f rom the pr imary p a r t i c l e . Imaeda (1962) has 
r e p o r t e d the v a r i a t i o n o f the t o t a l i n e l a s t i c i t y C o e f f i c i e n t (K^) w i t h 
p r imary nuc lea r energy ( E q ) i n the f o r m : 
A survey o f Abraham, e t a l . (1967), G i e r u l a , K^zywd - Z i n s k i (1968), Yameda 
and Koshiba (1968) y i e l d s t h a t 1^  i s independent o f the p r imary energy and 
gives the values r ang ing f rom 0.3 to 0.6. This impor t an t c h a r a c t e r i s t i c 
o f the C o l l i s i o n has r a t h e r a broad d i s t r i b u t i o n . 
Tne va lue o f ^ K , ^ = 0.5 used, by many authors i s p robably the bes t 
est imate o f the to t a l , i n e l a s t i c i t y c o e f f i c i e n t . I n the case o f T f - N 
C o l l i s i o n , the i n e l a s t i c i t y i s u s u a l l y taken t o be 1.0. This va lue has 
been supported by measurements o f the a t t e n u a t i o n l eng th o f the hadrons 
i n E . A . S . 
2.5 V a r i a t i o n o f hadronic c r o s s - s e c t i o n w i t h energy 
The i n e l a s t i c c r o s s - s e c t i o n a t h i g h energies i s measured by Cosmicf 
r a y s . This measurement i s made by obse rva t ion o f the a t t e n u a t i o n o f the 
hadrons i n E.A.S. and also f rom the v a r i a t i o n o f the p o s i t i o n o f the shower 
maximum v/ i th p r i m a r y energy. 
An E.A.S. i s produced b y , say, the i n t e r a c t i o n o f a p ro ton h i g h i n 
the atmosphere.* The f i r s t genera t ion can make f u r t h e r i n t e r a c t i o n s , 
t h e r e f o r e , a t the l e v e l o f observa t ion one can observe an energe t ic p r o t o n 
and an accompanying shower. A t any obse rva t ion l e v e l there i s a p o s s i b i l i t y 
to de t ec t a p ro ton no t i n t e r a c t e d i n t r a v e r s i n g the atmosphere above the 
d e t e c t o r . C l e a r l y t h i s p r o b a b i l i t y i s dependent on the c r o s s - s e c t i o n f o r 
i n t e r a c t i o n o f the pr imary p r o t o n o f a c e r t a i n energy. The number o f 
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protons which suffer no inte r a c t i o n v / i l l vary, i f the cross-section 
varies with energy. 
The cross-section, measured "by Cosmic rays ir. i n e l a s t i c cross-section 
and up to now there i s no hope to measure the e l a s t i c cross-section at 
u l t r a high energies. Yodh, Yash Pal and T r e f i l (1972) obtained the 
results shown i n Figure 2.4 from Cosmic ray analysis. This figure includes 
values of the cross-section measured at 10, 70 and 300 Gev, using protons 
incident on hydrogen i n bubble chambers and a point at equivalent energy 
2000 Gev from the CERH I.S.R. 
2.6 Relation of nuclear-nucleus and nucleon-nucleon cross-section 
The nucleon-nucleon cross-section measurement i s made d i r e c t l y by 
the accelerators up to the energy produced by these machines. Beyond 
thi s energy th i s value i s measured using Cosmic radiation. I n such exper-
iments generally one does not have mtcieon targets. The absorbers aie 
composed of d i f f e r e n t heavier elements such as i r o n or carbon, therefore 
what one measures i s the hadron nucleus cross-section. 
At high energies the c o l l i s i o n can be assumed to occur between the 
c o l l i d i n g p a r t i c l e and the individual nucleons of the nucleus. 
The p r o b a b i l i t y of the occurence of an in t e r a c t i o n between the incident 
p a r t i c l e and one of the nucleons depends on the cross section (o-) f o r 
incident particle-nucleon c o l l i s i o n . As the p a r t i c l e passes at a 
distance, b from the centre of the nucleus of radius, r , the volume swept 
out by i t s c r o s s - s e c t i o n i \ , depends on the impact parameter b, the radius 
r , and the cross section CX . 
According to poissonian s t a t i s t i c s the p r o b a b i l i t y i n volume V no 
nucleons are present i s given by: exp where A i s the atomic 
weight and V the volume of the nucleus. The t o t a l i n e l a s t i c cross-section 
</) u. o 
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of the hadron-nucleus i n t e r a c t i o n i s : 
/
r+r^ 
21T [ l - exp (- ) ] bdb 
Where r 1 i s the radius of the c o l l i s i o n of the p a r t i c l e given by 
H r 2 = o- and [ l - exp(- A ) J i s the p r o b a b i l i t y of the occurrence 
of the c o l l i s i o n and b i s the impact parameter. 
Yfiliams (196O) has evaluated the nucleon-nucleus oross-section as 
a function of cr~ t using the charge di s t r i b u t i o n s f o r d i f f e r e n t nuclei 
obtained by Abashian et a l . (1956) and Bremer, et a l . (1957). This eval-
uation was also made by Brenner et a l . (1957)» Bozoki et a l . (1961), 
Alexander et a l . (l96l) f o r d i f f e r e n t materials. Figure 2.5 shows the 
average a i r nucleus cross-section as a function of the nucleon-nucleon 
in t e r a c t i o n cross-section. A reasonable estimate of the i n e l a s t i c cross-
section of nucleon-nucleon interaction at the energies greater than 1 Gev 
i s 30 mb. The above argument gives the relationship between the nucleon-
nucleon cross-section and the nucleon-nucleus cross-section, therefore by 
knowing a reasonable estimate of nucleon-nucleon cross-section, i t i s 
possible to evaluate the nucleon-nucleus interaction lengths i n differen t 
materials. 
The interaction length A can be estimated by the expression \ = V j j o -
where A i s the atomic weight of the material, N i s the Avagadro's number 
and a - the i n e l a s t i c cross-section i n a given material. 
For a i r A = ^  = 2 ^ 1 0 ' ^ 
6 - 1 0 4 l r ~ - a i r 
This r e l a t i o n gives A i n a i r as a function of the elementary nucleon-nucleon 
cross-section. Figure 2.6 shows t h i s relationship. The r e s u l t of d i f f e r e n t 
calculation i s also presented. An elementary nucleon-nucleon cross-section 
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2.7 Conclusion 
The review of the present experimental knowledge concerning the 
ultra-high energy interaction parameters indicates that very l i t t l e i s 
known about the characteristics of nuclear interactionsin t h i s energy 
region, that i s beyond the energy about 10^ Gev. 
On the basis of the present experimental knowledge i t can be 
concluded t h a t : 
(a) The mean m u l t i p l i c i t y ^ n g ^ of the secondary particles i s 
s t i l l unknown f o r primary energies greater than 10^ Gev. 
Below th i s energy/ n / seems to increase slowly with 
incident energy. 
There ia considerable evidence that at high energies new 
processes occur leading to very high m u l t i p l i c i t i e s . 
(b) The mean transverse momentum increases slowly with 
primary energy up to about 10^ Gev. From t h i s energy there 
i s evidence f o r a drastic increase i n mean transverse 
momentum (see chapter 8) 
(c) The i n e l a s t i c nucleon int e r a c t i o n cross-section rises with 
energy but much more accurate measurements are needed to 
understand i t . 
I n connection with the discovered discrepancy between the experi-
mental data and the scaling model, there arise new problems, these 
necessitate to determine more accurately at what primary energy the scaling 
v i o l a t i o n begins and what does t h i s v i o l a t i o n mean? 
Apart from the above considerations new pa r t i c l e s are possibly created 
i n these high energy c o l l i s i o n s such as: quarks, monopoles and tachyons that 
makes such studies remarkable. 
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So f a r , these studies i n the high energy region are possible only 
by E.A.S. investigation. The study of E.A.S. might also solve the 
problem of the primary Cosmic ray Composition at ultra-high energies, 
the o r i g i n and the mechanism of the acceleration. 
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CHAPTER 3 
A SOHVEY OP MEASUREMENTS OP HADRON 
CHARACTERISTICS IN EXTENSIVE AIR SHOWERS 
3.1 Introduction 
I n t h i s chapter a summary of the measurements of the properties 
of hadrons i n E.A.S., made by d i f f e r e n t experimenters at d i f f e r e n t 
altitudes i s presented. 
In t h i s survey a variety of hadron detectors, mostly cloud chamber, 
ionization calorimeter and burst producing techniques are meployed- to 
detect and measure the energy of nuclear active p a r t i c l e s . 
The E.A.S. core location and shower parameters are usually obtained 
by means of s c i n t i l l a t i o n detectors, d i s t r i b u t e d around the hadron detector. 
3.2 Mivake et a l . (1969^ 
The high energy hadrons ( ^ 200 Gev) i n the core region of extensive 
a i r showers of size 3.10^ - 10^ p a r t i c l e s have been studied, using a 
multiplate cloud chamber of 1.3x2.0x0.7 m^  w i t h 21 lead plates (each 
1 cm thick) and s c i n t i l l a t i o n detectors covering 12 m above and below a 
water tank. 
The experimental arrangement used, consists of 26 s c i n t i l l a t o r s 
d i s t r i b u t e d within a range of 100m from the centre. Within an area of 
2 2 12 m located horizontally 48 s c i n t i l l a t o r s each of size 50x50 cm above 
arid below a water tank of depth 2m. 
To study the behaviour of the nuclear active p a r t i c l e s i n d e t a i l 
a multiplate cloud chamber of 1.3x2.0x0.7 m^  with 21 lead plates (each 
1 cm thick) was used. 
The observed l a t e r a l d i s t r i b u t i o n of hadrons f o r core distances 
- r / 
< 10m i s expressed as: A exp(" * 0 ) . The dependence of r Q (characteristic 
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length) and the amplitude A, on hadron energy is expressed as: 
V - V 0 , 3 3 * - V 1 - 0 
This dependence i s shown i n figure 3.la. The dependence of A, on 
hadron energy, expressed above, i s correct for energies beyond 500 Gev. 
For energies less than 500 Gev the curve, A as a function of E^, becomes 
flatter. 
5 6 
The energy spectrum of hadrons i n the showers of size 3.10-10 
i s expressed ass ^"^' Q f o r energies less than 500 Gev and E^""1"8 for 
energies more than 500 Gev. They also found the same slope by inte-
grating the lateral density distribution. No significant change in the 
exponent of the energy spectrum with the size of a i r showers and age 
parameter, s, has been observed. Figure 3.1b shows the observed 
energy spectrum. 
The ohserved dependence of the lateral, distribution of hadrons on 
shower size i s shown in figure 3.1c. The dependence of A and r Q on 
the shower size i s expressed as: 
r - N 0 ' 1 6 , A - N 0 - 4 0 o e e 
In figure 3*Id the total number of hadrons (> 500 Gev) as a function 
of shower size with an exponent 0 .73 i s shown. 
3.3 Hinotani (1961) 
A study of nuclear active component in extensive air showers was 
made at altitude 2770 m above sea level. Using a large multiplate cloud 
chamber and two standard neutron monitors which were installed in E.A.S. 
array of 16 election density measuring detectors. 
High energy hadrons (> 10 Gev) were investigated, using a multiplate 
cloud chamber. Hadrons of energy (> 200 Mev) were observed separately by 
means of a neutron monitor. 
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The i n t e g r a l energy spectra of hadrons are expressed by: 
+ + + 
E_0.7-0.1 ^ g-1.1-0.2 ^ jj-1.5-0.2 f Q r t h e e v e n t g O D S e r v e d a t 
distances 0-5 m, 5-10 m and more than 10 m from the shower axis respectively. 
The integral energy spectrum of the t o t a l hadrons i s expressed by : E 
The l a t e r a l d i s t r i b u t i o n of hadrons above 10 Gev i s obtained as: 
+ 
1 4—0 2 
r " within 25 m from the axis. The l a t e r a l d i s t r i b u t i o n of low 
energy hadrons i s expressed by, r~l»°- 0'2 £QT ^.ne distances 5-30 m. The 
d i s t r i b u t i o n becomes f l a t t e r w i t h i n 5 m. The l a t e r a l d i s t r i b u t i o n f o r 
each energy region i s well f i t t e d with an exponential function, ex^{~T^TQ). 
The characteristic length, r Q , i s measured as 20 m, 7m and 1.2m f o r the 
energies ^ 10 8ev, ^ -10 1 0ev and^> lO^ev, respectively. The l a t e r a l 
structure of energy flow carried by low energy hadrons i s expressed as: 
—1 8—0 2 
r ~ . The larger a i r shower has s l i g h t l y steeper structure f o r the 
energy flow. The t o t a l number of hadrons of energy^ 200 Mev varies with 
the shower size (N ) such: % e 
TL.ci w 1 ' ^ ' 1 (10 5< Ne 3.106). 
( N e>3.io 6) 
3.4 Kameda et a l . (1962^ 
A study of hadronic component i n energy range 10-500 Gev ha3 been 
made near sea level using a multiplate cloud chamber with illuminated region 
of 120 cm width, 50 cm depth and 100 cm height at the centre. The absorbers 
used, were 7 plates of 8 mm thickness of lead lin e d with 5 mm thickness of 
i r o n and 8 plates of 18 mm thickness of lead l i n e d with 5 mm thickness of ir o n . 
Figure 3.2a shows the l a t e r a l d i s t r i b u t i o n of the nuclear active 
pa r t i c l e s producing Tf° - mesons of t o t a l energy > 10 Gev. I t i s well 
expressed as: exp(~ r^r ) , where r i s the core distance of the E.A.S. 
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For showers of size ranging from 10^ - 3»lo\ r Q i s about 1 m, f o r 
3.10 - 3.1Cr , r Q i s about 2 m and f o r showers of size 3<>10 - 10 , 
r = 3 i therefore r increases as the shower size increases, o o 
Figure 3.2c shows the int e g r a l energy spectra of high energy 
nuclear active p a r t i c l e s f o r d i f f e r e n t bands of distances from the shower 
axis. Assuming a power law of the form l T n f o r the energy spectra, n, 
i s dependent on the shower core distance as shown i n figure 3.2b. The 
exponent n, changes from 0.5 to 1.5, dependent on the l a t e r a l d i s t r i b u t i o n 
and energy spectra i n three d i f f e r e n t bands of distances. The energy 
spectrum of the t o t a l number of high energy hadrons i n a shower i s shown 
i n figure 3.2c. The energy spectrum obeys a power law of the form 
£-(1.0-0.15) l n t h e e n e r g y r a n g e 1 Q _ 5 0 0 ^ 
Figure 3.2d shows the t o t a l number of hadrons of energy^- 10 Gev 
as a function of shower size. This r e l a t i o n i s expressed by: 
N =(13^4) (-2%) 
n 10 5 
The r a t i o of charged to neutral hadrons was measured as 5 si» 
implying that about 70% of hadrons seem to be "3tf - mesons. In. a si m i l a r 
way the energy spectrum of hadrons producing 11° - mesons of t o t a l energy 
ranging from 1 - 1 0 Gev i s obtained and expressed ast 
3.5 Kameda et a l . (196*0 
A study of nuclear active particles of energy^-100 Gev i n E.A.S. 
of size 4.10^-4.10^ p a r t i c l e , using a multiplate cloud chamber has been 
performed by th i s group near sea l e v e l (1000 gr/m ) , f o r a running time 
of 4300 hours. 
The t o t a l number of photographs analysed have been 10,000, among 
which 250 hadrons of energy^. 100 Gev have been analysed. 
The r a t i o of the charged to neutral has been measured and obtained 
• E N>200 Gev (r Q=2.2^0. lm) 
o E N>600 Gev (r 0=l.6-0.1m) 
O E M>1200 Gev ( r =1.2-0. lm) 
N O 
• 10 54N ^3.10 5(r =1.15^0.2m) e o 
o 10 64 N ^  3.10 6(r =1.7-0.lm) 
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to be 4.5±°»5. No shower size dependence has been found. The zenith 
angle d i s t r i b u t i o n of hadrons are well represented by cos"© where 
n = 12^2. 
+1*5 2 
The attenuation length was measured, the value g/cm was 
obtained. 
The l a t e r a l d i s t r i b u t i o n of hadrons i s f a i r l y w e l l represented by 
the expression, e x p f ' ^ r ). I t i s understood that r increases with ^ o o 
shower size and decreases with increasing energy of hadrons. Figure 3«3a. 
and 3.3b show these dependences. The brackets around TQ indicate the 
average fc- a l l hadrons of energy^- to 100 Gev. Figure 3.3c shows TQ= N"^ 
where ci. = .32^.01. The dependence of r Q on hadron energy can be expressed 
as: r Q = E"^ where & - .25^.05. Therefore 
10 5 100 
A, has been found form ^ r Q ^ and energy spectrum to be 2.4^.3. The t o t a l 
number of nuclear active particles i s calculated from, n T = 2 1 1 ^ ^ 2B 
where B i s the hadron density at shower core. Figure 3«3d shows the"" 
r e l a t i o n of the t o t a l number of hadrons of energy ^  100 Gev with shower size. 
I n figure 3.3© the in t e g r a l energy spectrum i s shown. No shower size 
dependence i s observed. The spectrum i s represented by E""0,75-.10 i n ^ 
2 3 
energy range 10 - 10' Gev. Figure 3.3f shows the r e l a t i o n of shower size 
with B. The absolute density of hadrons i n the energy range (E, E+dE) at 
a distance ( r , r+dr) from the axis of a shower of size i n u n i t 10^ p a r t i c l e s 
i s expressed as: 
n(E, r , N)dE dr = 0.35 C ^ ) ' 3 5 ( - l - ) " 1 ' 2 exp (- d( - ^ - ) d r 
Mr 100 o 100 
where r Q = 2.4 ( N / i 0 5 ) ' 5 2 (E/ l o o )_.2 5 
Figure 3.3a 
The dependence of the l a t e r a l d i s t r i b u t i o n of nuclear active 
p a r t i c l e s of energy - 100 Gev on the shower size. The l a t e r a l 
d i s t r i b u t i o n function i s expressed i n the form: exp ( ~ r / r Q ) . 
Figure 3.3b 
The dependence of the l a t e r a l d i s t r i b u t i o n of nuclear active 
p a r t i c l e s on energy r Q decreases with increasing energy. 
Figure 3.3c 
The r e l a t i o n between shower size N and< r >. < r > is proportional 
0 32 ^ o to N . I i s the value obtained from high energy electron 
components. 
Figure 3.3d 
The t o t a l number of nuclear active p a r t i c l e s in a shower 
as a function of shower size. I t is represented as N^ ' . 
Figure 3.3e 
The in t e g r a l energy spectrum of nuclear active p a r t i c l e s i n 
-0.75 
a shower. The spectrum is represented by E at energy 3 
less than 10 Gev; at higher energy the power of E increases. 
Figure 3.3f 
B against shower size. B i s the constant which appears when the 
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Figure 3.5 Summary of the data of ^ ameda et a l (1965) 
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3.6 Cha t t e r j e e e t a l . (1967) 
This group has s t u d i e d the nuc lea r a c t i v e p a r t i c l e s o f energy 
4 6 2 ^.50 Gev i n E .A.S . o f s ize 3 . 1 0 - 3 . 1 0 p a r t i c l e s a t the a l t i t u d e 800g/cm , 
u s i n g a t o t a l abso rp t ion spectrometer . Showers w i t h core distance<C 10 m 
f rom the cen t r e , a t z e n i t h angles <C 20° are accepted. The u n c e r t a i n t y i n 
the energy es t imate i s <j> 40%. The e r r o r i n core p o s i t i o n i s 1-2 m i n 
i n d i v i d u a l showers. 
The l a t e r a l d i s t r i b u t i o n s are w e l l represented by an exponen t i a l 
f u n c t i o n d e f i n e d b y : 
/ > n ( N e , r , > E ) = A exp C 7 r Q ) , 
where A, the d e n s i t y i n the core , i s g iven by 
A = 8.2 ( N e / 2 x 1 0 7 ) 0 - ° 9 7 e 0 * 2 8 
r Q i s g i v e n b y : 
r o = 13 .3 (Ne/2 x 1 0 - 7 ) ° - 5 9 - 0 . 0 4 9 E 0 - 2 8 x ( e / 5 o ) - 0 . 5 5 
f o r 0 < r < 15m , 50 4 E 4 1 600 Gev and 3 x 1 0 4 < N g 4 3 x 1 0 6 
The dependence o f the l a t e r a l d i s t r i b u t i o n on shower s ize can be 
« J i e w « r - s i t e . 
seen i n f i g u r e 3 .4a. I t i s c l e a r t h a t as the energy—threshold increases 
thl-s-de-pendenee weakens. Figure 3.4b shows r as a f u n c t i o n o f shower 
0 
s i z e . The energy dependence o f the l a t e r a l d i s t r i b u t i o n i s seen i n f i g u r e 
3 . 4 c For a g iven s ize group, the l a t e r a l d i s t r i b u t i o n s steepens w i t h 
i n c r e a s i n g energy t h r e s h o l d . The t o t a l number o f N-Component o f a g i v e n 
energy th re sho ld i n a shower o f s ize H & i s expressed b y : 
N ( > E , N ) = 1.75 N ° ' 7 8 E " 1 - 1 
This r e l a t i o n i s shown i n f i g u r e 3.5d. 
For each energy t h r e s h o l d the i n t e g r a l energy spectrum was obta ined 
by i n t e g r a t i n g the f i t t e d l a t e r a l d i s t r i b u t i o n . 
They have found t h a t the i n t e g r a l energy spectrum f o r a l l hadrons 
Figure 3.4a 
The l a t e r a l dens i t y d i s t r i b u t i o n o f nuc lear a c t i v e component 
o f energy^ 50 Gev f o r d i f f e r e n t shower s i z e s . For shower 
4 + 5 
s ize range 5.6 - 100x10 , r =3 .62 - .20 , f o r 3 .2 -5 .6x10 , 
o ^ 
r Q = 6 . 0 8 - 2 . 9 , and f o r 1.8-3.2x10 , r Q = 8 . 0 - 0 . 8 7 
Figure 3.4b 
The v a r i a t i o n of r w i t h shower s i z e , N , f o r two d i f f e r e n t th resho lds o e 
E > 5 0 Gev and E> 100 Gev. For E> 50 Gev the s lope i s 6 .23^.02 
and f o r E > 100 Gev, 0 .18^0 .2 . 
F igure 3.4c 
The l a t e r a l s t r u c t u r e o f nuclear a c t i v e component f o r d i f f e r e n t 
energy t h r e s h o l d . I t can be seen t h a t f o r 50 Gev, r Q = 5 . 3 6 - 0 . 2 1 
- E > 200 Gev, r Q = 3 . 1 9 - 0 . 1 7 - E ^ 8 0 0 Gev, r o = 1 . 8 7 ^ 0 . 1 7 . 
- T ^ H ^ t ^ ^ l ^ t 3 t - r i f e u t - i © f T can be- represented as: — - - -
A N ( r ) = V 0 ) e * P ( " 7 r 0 ) 
F igure 3 .4d 
The t o t a l number of hadrons o f a given energy t h r e s h o l d as a f u n c t i o n 
o f shower s i z e . 
The i n t e g r a l energy spectrum o f hadrons f o r va r ious shower s i z e s . 
t — i — i i | — i — i i i i — i — i — r 
Threshold I ' 1 1 ' I 
• 50GeV Size range 
x 200 GeV 
•5-6-100.10* o 800 GeV 




A N ( r ) = A N ( o ) E x p ( 7 r 0 ) E>50 GeV 
i 
I ! I I I 
I f f I f f 10 20 10 
R(m) ( c ) R(m) ( a ) 
Size range 
10«-5-10*' 7 5 
5-25 5-0 10 x o 10 5-75 5-5 10 OK) 




.02 • 50 GeV 3»* x 100 GeV 10 
i i i 
10 Energy (GeV) N e M 
Figure 3.4 Summary o f the da ta o f Cha t t e r j ee e t a l (1967) 
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i n a shower can be f i t t e d t o a nega t ive power law o f the same exponent 
independent o f s i z e . On the bas is o f t h e i r r e s u l t s they concluded that 
the observed increase r Q w i t h N g cannot be exp la ined by models i n which 
P T d i s t r i b u t i o n s and i n e l ^ - t r e - i - t y are i n v a r i a n t (Murthy e t a l . 1967); 
nor can t h i s be exp la ined by any conceivable change i n p r imary composi t ion 
w i t h energy. 
To understand the f l a t t e n i n g o f the l a t e r a l d i s t r i b u t i o n w i t h shower 
s ize a p r e l i m i n a r y c a l c u l a t i o n based on a model w i t h some changes i n 
c o l l i s i o n behaviour above 10^ Gev was t r i e d (Murthy 1976), these changes a re ! 
( i ) Increase i n i n e l a s t i c i t y , 
( i i ) Increase i n average t ransverse momentum o f produced p a r t i c l e s , 
( i i i ) A f a s t e r increase i n m u l t i p l i c i t y o f c rea ted p a r t i c l e s . 
They argue t h a t , the behaviour o f the l a t e r a l d i s t r i b u t i o n can a l so 
be due to an increase i n o f o n l y the s u r v i v i n g p a r t i c l e s w i t h i n c r e a s i n g 
pr imary energy. Of course i n t h i s case they noted t h a t the energy spec t r a , 
the s ize v a r i a t i o n and the number o f d i f f e r e n t components as obta ined f r o m 
the usual models w i l l remain u n a f f e c t e d . 
Another p o s s i b i l i t y which has to be t r i e d q u a n t i t a t i v e l y as f a r as 
they are concerned i s the passive baryon hypothes is (Smorodin 1967). I n 
t h i s model the e f f e c t i v e i n t e r a c t i o n mean f r e e pa th would increase w i t h 
energy and hence the e f f e c t i v e p roduc t i on h e i g h t o f hadrons o f a g iven 
energy th re sho ld a t a given l e v e l increases w i t h p r imary energy. 
3.7 Vatcha and Sreekantan (1972^ 
The c h a r a c t e r i s t i c s o f h i g h energy nuc lear a c t i v e p a r t i c l e s o f 
energy 25 Gev t o 10^ Gev i n a i r showers o f s ize 5 . 1 0 4 - 3 .10^ p a r t i c l e s 
2 2 
a t 800 g/cm have been s t u d i e d u s i n g a 2m m u l t i p l a t e c loud chamber o f 
dimensions 2m x 1.5m x lm w i t h 21 i r o n p l a t e s i n s i d e , each o f 2cm th i cknes s , 
25 
OSOBspending to a. i r a d i a t i o n l e n g t h , and the whole p l a t e assembly e-rossponds 
to about 2.2 i n t e r a c t i o n mean f r e e pa ths . The chamber v/as sh i e lded on 
the top by an absorber e q u i v a l e n t t o about 5.5 r a d i a t i o n lengths o f i r o n 
and l e a d . 
They c a l c u l a t e d the hadron d e n s i t y by the f o l l o w i n g f o r m u l a , 
L ( . . . „ > v - H Y - V F 
N ( H e , r ) 
where H i s the observed number o f hadrons i n the b i n o f average s i ze N e > 
average d i s tance r and hadron energy g r ea t e r than E^; N i s the observed 
number o f showers i n the same b i n and F i s the geomet r i ca l f a c t o r o f the 
c loud chamber. Some t y p i c a l cases are shown i n f i g u r e 3 .6a f o r hadron 
energies g rea t e r than 50 Gev f o r two size r e g i o n s . I n t h i s experiment 
they have observed a tendency f o r the l a t e r a l d i s t r i b u t i o n o f h i g h energy 
hadrons to f l a t t e n w i t h i n c r e a s i n g shower s i z e . 
The v a r i a t i o n o f the number o f hadrons per shower as a f u n c t i o n o f 
shower s ize has been determined f o r d i f f e r e n t t h r e s h o l d energies o f hadrons, 
they have expressed i t i n the fo rm o f 
N (>E) = a / ( E ) 
n ' e 
I t has been observed that*( (E) decreases f r o m about 0.8 a t E>50 
Gev t o N 0 .4 f o r E>400 Gev. The r e s u l t i s shown i n f i g u r e 3.6b. The 
energy spectrum o f hadrons i n the energy range 50 - 800 Gev may be expressed 
as a power law of the f o r m : 
H n (>E) = B E~^ < V 
Where V increases f r o m 1.4 a t 5.10^ t o 2.2 a t N ^ 4.10^ and remains a t t h i s 
e 
h i g h value up t o 3.10 p a r t i c l e s . The i n t e g r a l energy spectrum i s shown 
i n f i g u r e 3 .6c . 
The charge to n e u t r a l r a t i o has been determined f o r hadrons o f d i f f e r e n t 
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3 .8 Matano e t a l 1975 
A studs'- o f hadrons o f energy^ 770 Gev i n a i r showers o f s i ze 10^ 
t o 10^ a t sea l e v e l and N o r i k u r a (2770 m) w i t h an i d e n t i c a l hadron d e t e c t o r 
has been c a r r i e d o u t . 
The exper imenta l arrangement used was a hadron d e t e c t o r w i t h a t o t a l 
2 2 area 6 m and cons i s t ed o f 24 u n i t s o f the s c i n t i l l a t o r s o f 0.25 m 
2 
combined w i t h the same area emulsion chamber i n s t a l l e d below the 20 m 
spark chamber o f the a i r shower a r ray . The energy o f hadrons i s es t imated 
by the darkness o f spots on the x - r a y f i l m o f t h e cascade shower produced 
by a hadron i n the emulsion chamber. The energy i s a lso determined f r o m 
the b u r s t s ize de tec ted w i t h the s c i n t i l l a t o r s . 
The observed energy spectrum are shown i n f i g u r e 3 .7a. The p o i n t s 
enclosed w i t h an open c i r c l e represent the number o f hadrons determined 
by the emulsion chamber. The slope o f the energy spectrum i s 1 .7 f o r 
energy above 770 Gev i n showers o f s i ze 10^ and 1.8 i n the energy i n t e r v a l 
A 
770 Gev t o 1 Tev, and 2.6 f o r energy above 2 Tev f o r the sizes 10 t o 10 
p a r t i c l e s the spec t r a a t 735 g/cm have a lso s i m i l a r s lope . 
The observed energy spec t ra a t sea l e v e l are compared w i t h the c l o u d 
chamber da ta ob ta ined by Kameda e t a l , the r e s u l t i s shown i n f i g u r e 3.7b 
i t can be seen t h a t b o t h r e s u l t s are compatible w i t h i n the s t a t i s t i c a l e r r o r s . 
For a shower s i ze 10 p a r t i c l e s the number o f hadrons w i t h energy 
above 1.5 Tev a t sea l e v e l i s 0 .35^0.20. 
The v a r i a t i o n o f hadrous w i t h shower s i ze i s shown i n f i g u r e 3.7c 
f o r va r ious energy regions o f hadrons. The slope i s about 1.0 f o r a l l 
groups. I n f i g u r e 3 .7d the t o t a l number o f hadrons per shower as a 
f u n c t i o n o f shower s ize i s p l o t t e d . 
3.9 Conclusion 
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F igure 3.7 Summary o f the data o f Matano e t a l (1973) 
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1 . The i n t e g r a l energy spectrum o f nuc lea r a c t i v e p a r t i c l e s can be 
expressed as a power law w i t h exponent, which increases as 
the hadron energy increases . 
2 . The l a t e r a l d e n s i t y d i s t r i b u t i o n o f hadrons becomes steeper f o r 
p a r t i c l e s o f h i g h e r th re sho ld energies . 
3. The l a t e r a l d i s t r i b u t i o n becomes f l a t t e r w i t h i n c r e a s i n g shower s i z o . 
4. There i s a l i n e a r r e l a t i o n s h i p between shower s i z e and the number o f 
nuc lear a c t i v e p a r t i c l e s associa ted w i t h the showers. The slope o f 
t h i s l i n e v a r i e s w i t h hadron energy t h r e s h o l d . 
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CHAPTER 4 
AIR SHOWER ARRAY 
4.1 I n t r o d u c t i o n 
I n c o n j u n c t i o n w i t h two major Cosmic r a y d e t e c t o r s , the neon 
f l a s h tube chamber and muon spect rograph, the MARS group s t a r t e d t o b u i l d 
an a i r shower a r r ay . 
At the e a r l y stage o f the work the author was appointed t o he lp i n 
the c o n s t r u c t i o n o f some o f the s c i n t i l l a t o r s . The c o n t r i b u t i o n t o t h i s 
2 
work ended by c o n s t r u c t i n g three 2 m d e t e c t o r s . I n t h i s chapter one o f 
these de tec to r s i s descr ibed . 
2 
4.2 The 2 m s c i n t i l l a t i o n d e t e c t o r s . 
2 
Among the a i r shower a r ray there are s i x 2 m s c i n t i l l a t o r s which 
sample the e l e c t r o n d e n s i t y o f the a i r shower and also g ive i n f o r m a t i o n 
on the a r r i v a l t ime o f shower f r o n t f o r the d e t e r m i n a t i o n o f the d i r e c t i o n 
o f the shower a x i s . This type o f d e t e c t o r measures 2m x I n x 2.5cm 
s lab o f NE 110 p l a s t i c s c i n t i l l a t o r . The phosphor i s v iewed by f o u r 5" 
diameter EMI 9579 B p h o t o m u l t i p l i e r tubes f o r e l e c t r o n d e n s i t y measurement 
and a 2" diameter p h i l i p s 56AVP p h o t o m u l t i p l i e r tube f o r f a s t t i m i n g . 
P la te 4.1 3i ows the f e a t u r e s o f t h i s type o f d e t e c t o r . The 5" pho to -
m u l t i p l i e r s v iew the l o n g edges o f the phosphor w i t h o u t l i g h t gu ide . The 
2" diameter photo tube ( f a s t ) i s a t tached w i t h NE 58O o p t i c a l cement t o 
one o f the l o n g edges o f the phosphor. The head a m p l i f i e r and the E .H.T . 
d i s t r i b u t i o n u n i t are a t tached to the w a l l o f the de t ec to r box . The box 
o f the s c i n t i l l a t o r i s made o f wood and i s weather p roo fed w i t h bi tumen 
p a i n t and aluminium f o i l . The d e t e c t o r box r e s t s on an angle i r o n bed 
t o l i f t the d e t e c t o r up f r o m the sur face o f the ground t o p reven t damp and 
l e t the a i r c i r c u l a t e a l l around the box. The de t ec to r i s housed i n a 
weather p roo fed h u t . 
PLATE 4 . 1 
A TYPICAL 2 m 2 SCINTILLATION DETECTOR 
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The h i g h v o l t a g e to the two types o f p h o t o m u l t i p l i e r s i s supp l i ed 
by two E .H.T . u n i t s . The ' s l o w ' tubes operate on an o r t e c 456, l o ca t ed 
i n the l a b o r a t o r y . The f a s t p h o t o m u l t i p l i e r operates w i t h an NE 4646 
E.H.T . u n i t . The h i g h v o l t a g e i s connected t o a r e s i s t o r cha in through 
a c o - a x i a l cab le . Since the tubes are no t e x a c t l y s i m i l a r the E.H.T. 
d i s t r i b u t e r enables each tube ' s v o l t a g e to be a d j u s t e d independent ly . 
Figures 4.1 and 4.2 show the base c i r c u i t f o r the slow and f a s t pho to -
tubes r e s p e c t i v e l y . The slow tubes operate on a nega t ive E.H.T. supply 
g i v i n g a nega t ive ou t pu t pulse w i t h an exponen t i a l decay t ime w i t h a 
constant o f 20 microseconds. 
4.3 The response o f P.M.T. f o r va r ious l i g h t i n p u t s 
Since the phototubes are used t o conver t the l i g h t output o f the 
s c i n t i l l a t o r s i n t o e l e c t r i c a l pu l ses , i t i s necessary t o know the response 
o f t h i s device f o r v a r i o u s l i g h t i n p u t s . To examine t h i s c h a r a c t e r i s t i c s 
three d i f f e r e n t l i g h t e m i t t i n g devices were used; an 241 Am alpha-source?! 
i n NE 110 p l a s t i c s c i n t i l l a t o r , a neon tube and a pu l sed l i g h t e m i t t i n g 
d iode . The v a r i a t i o n o f the l i g h t was made by two crossed p o l a r i s e d f i l t e r s . 
I n u s i n g the 241 Am^source i n s p i t e o f p roduc ing f a s t r i s e t ime pulses 
( s i m i l a r t o the a c t u a l pulses f r o m the s c i n t i l l a t o r s ) the i n t e n s i t y o f 
i t s l i g h t ou tpu t was too weak. I n the case o f the neon tube the r i s e 
t ime o f the pulse was too s low, d i f f e r e n t to the a c t u a l pulses produced 
by the s c i n t i l l a t i o n counte rs . I n t h i s case the phototube pulse r i s e 
t ime was a f f e c t e d by the l i g h t ou tpu t r i s e t ime o f the neon tube . The 
l i g h t e m i t t i n g diode ( L . E . D . ) was used s a t i s f a c t o r i l y . I n f i g u r e 4.3 
the v a r i a t i o n o f the angle , fl between the crossed p o l a r i s e r and the o u t -
put a f t e r p h o t o m u l t i p l i e r i s seen a t an o p e r a t i n g v o l t a g e o f 1 . 8 K # v . 
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J lgu re 4 ,4 The v a r i a t i o n o f the ou tpu t pulse w i t h cos 6 , where 
6 i s the angle between crossed p o l a r i s e r ^ S . K . T . = 1,8 K, 
l i g h t p u l s e r , L .E.J ) . , P.H.T. 9579B 
30 
o u t p u t . To produce t h i s ;?lot the output o f the p h o t o m u l t i p l i e r tube 
was connected to a 512 channel pulse he igh t ana lyse r , a f t e r producing a 
d i s t r i b u t i o n the mean was worked out and r e l a t e d t o the angle 6, o f the 
crossed p o l a r i s i n g dev ice . This i n v e s t i g a t i o n was mac^ .e f o r d i f f e r e n t 
tubes . I t was found t h a t the l i n e a r i t y o f the p h o t o m u l t i p l i e r s i s 
s a t i s f a c t o r y . 
4 .4 The l i n e a r i t y o f the pulse h e i g h t ana lyser . 
Before u s i n g the pulse h e i g h t analyser i t was necessary t o examine 
i t s l i n e a r i t y , f o r t h i s purpose a r e l i a b l e pulse genera tor was used and 
A 
the response o f the P.H.«K. was i n v e s t i g a t e d . F igure 4 .5 shows the 
r e s u l t o f t h i s i n v e s t i g a t i o n . 
4.5 The response o f the p h o t o m u i t i p l i e r t o the E .H.T. supply 
Another impor tan t c h a r a c t e r i s t i c s o f the p h o t o m u l t i p l i e r tubes t o 
be known i s t h e i r response t o the h i g h vo l t age power supply . For t h i s 
i n v e s t i g a t i o n the power supply vo l tage was a l t e r e d f o r a f i x e d 0, ( t he 
angle between crossed p o l a r i s e r . The ou t pu t v o l t a g e o f the phototube 
f o r each value o f the h igh v o l t a g e was f o u n d . The r e s u l t i s shown i n 
f i g u r e 4 .6 . 
4.6 The de tec to r head u n i t 
I n each de t ec to r t he re are f o u r s low p h o t o m u l t i p l i e r s . The output 
o f each phototubes are added by a m i x e r - a m p l i f i e r , c o n s i s t i n g o f f o u r 
e m i t t e r f o l l o w e r s which t h e i r outputs w i l l be a m p l i f i e d i n a//A702C 
d i f f e r e n t i a l a m p l i f i e r i n t e g r a t e d c i r c u i t a f t e r be ing summed. The ou t 
p u t , then goes to a conve r t e r t o change the p o l a r i t y o f the pulse f r o m 
nega t ive to p o s i t i v e . F igure 4.7. shows the c i r c u i t o f t h i s a m p l i f i e r . 
I n f i g u r e 4. fi the i n p u t v o l t a g e aga ins t ou tput o f t h i s a m p l i f i e r i s shown. 
4.7 The o c t a l b u f f e r 
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JlGure 4.8 The i n p u t vo l t age agr;.inst ou tput o f the a m p l i f i e r used 
i n the a i r shower d e t e c t o r s . 
3* 
MAHS group s imul taneous ly , t o prevent any a f f e c t i o n f r o m our e l e c t r o n i c s 
on the o r i g i n a l pu l se , i t was necessary to f eed the pulse through an 
em«tter 
e m i t t i n g f o l l o w e r . F igure 4.9 and 4«10shows these e m i t t e r f o l l o w e r s w i t h 
i t s c h a r a c t e r i s t i c s . This device i s composed o f 8 e m i t t e r f o l l o w e r s , 
p o s i t i v e ou tpu t pulse f r o m each d e t e c t o r o f a i r shower a r r ay (SABA) can 
be app l i ed to each e m i t t e r f o l l o w e r u n i t . The vo l t age g a i n i s p o s i t i v e 
w i t h magni tude '0 .95• 
Each u n i t has a h i g h i n p u t impedance equal t o about 85 K-Aand the 
output i s t e rmina ted by a 50-A. r e s i s t o r . 
4.8 C a l i b r a t i o n o f the de tec tors 
The procedure f o r c a l i b r a t i o n o f the de tec to r s as f a r as the 
e l e c t r o n d e n s i t y measurement i s concerned i s decided, t o a d j u s t each 
s c i n t i l l a t o r p h o t o m u l t i p l i e r tubes sucn t ha t a f t e r d i v i d i n g the o v e r a l 
pulse h e i g h t f r o m a l l 4 p h o t o m u l t i p l i e r tubes by 100 mv, the p a r t i c l e 
number per square meter a t the s c i n t i l l a t o r w i l l be f o u n d . The c a l i b r a t i o n 
o f the a i r shower a r ray was c a r r i e d out by W. Rada. 
F igure 4. H shows the d i s p o s i t i o n o f the Durham Extensive M r shower 
a r r ay . I n f i g u r e 4.12 the genera l response o f the a r r ay i s shown 
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THEORY OP BURST PRODUCTION IN LEAD 
AND IRON ABSORBERS 
5.1 Experimental methods o f hadron energy e s t i m a t i o n 
5.1.1 I n t r o d u c t i o n 
D i f f e r e n t methods can be employed to measure the hadron energy. 
The techniques v a r y accord ing to the energy range concerned. These 
methods are as f o l l o w s : 
5.1.2 The d i r e c t method o f energy e s t i m a t i o n 
Charged p a r t i c l e s i o n i z e the medium through which they pass. Th e 
r a t e o f i o n i z a t i o n l o s s i s a f u n c t i o n o f the v e l o c i t y o r k i n e t i c energy o f 
the p a r t i c l e s . The i o n i z a t i o n los s f o r n o n r e l a t i v i s t i c p a r t i c l e s i s 
i n v e r s e l y p r o p o r t i o n a l to the square o f the v e l o c i t y . At low energies 
i t i s pos s ib l e to es t imate the p r o t o n energyAby observ ing the r a t e s o f 
p a r t i c l e s stopped by absorbers o f s u i t a b l e t h i c k n e s s . Another way o f 
energy de t e rmina t ion f o r low energy charged p a r t i c l e s i s to pu t them i n 
a magnetic f i e l d and measure the curva ture o f the p a r t i c l e i n the magnetic 
f i e l d , f r o m t h i s measurement the momentum o f the p a r t i c l e i s determined. 
By i n c r e a s i n g the magnetic f i e l d s t r eng th the range o f energy measurement 
goes up . By t h i s method the maximum measureable energy extends up to 
<-^200 Gev. 
5.1.3 The nuc lear i n t e r a c t i o n method 
This method i s a p p l i c a b l e to p a r t i c l e s w i t h energy more than 1 Gev. 
The nuc lea r i n t e r a c t i o n takes place i n a t h i c k absorber and i n such c o l l i s i o n s 
the produced pions o r the evapora t ion neutrons f r o m the t a r g e t n u c l e i can 
be de tec ted . 
5.1 .4 The i o n i z a t i o n c a l o r i m e t e r method 
As a nuc lea r i» t e*aa . t i -ve p a r t i c l e , i n t e r a c t s w i t h a t a r g e t m a t e r i a l 
a h i g h p r o p o r t i o n o f i t s energy goes i n t o the e l e c t r o n - p h o t o n cascades 
33 
which develop f rom the n e u t r a l pions ( T l ° ) . These pions are c rea ted i n 
the i n t e r a c t i o n o f p r imary p a r t i c l e as w e l l as the subsequent i n t e r a c t i o n s 
o f the secondary charged p i o n s . By t h i s method the whole energy o f nuc l ea r 
a c t i v e p a r t i c l e s i s absorbed by a t a r g e t o f many nuc l ea r i n t e r a c t i o n l e n g t h 
i n th ickness . A t d i f f e r e n t development stages o f the cascade the e l ec t rons 
are sampled w i t h i n the t a r g e t . So the cascade development i s known and 
the nuclear a c t i v e p a r t i c l e energy i s c a l c u l a t e d . 
5.1.5 The b u r s t -producing method 
The energy o f the nuc lear ia-te^ac-ti-ve p a r t i c l e s can be es t imated 
by the e l ec t ron -pho ton cascades o r ' b u r s t s ' which develop f r o m n e u t r a l 
p ions ( T t ° ) c rea ted i n s i n g l e i n t e r a c t i o n o f c o l l i d i n g nuc lea r a c t i v e 
p a r t i c l e s . The apparatus f o r p roduc t i on o f b u r s t s can be made as s imple 
as a s i n g l e l a y e r o f a t a r g e t m a t e r i a l about one nuc lear i n t e r a c t i o n l e n g t h 
i n t h i ckness , above the e l e c t r o n measuring d e t e c t o r . The apparatus should 
be sh ie lded by a l a y e r o f l ead t o absorb the e l ec t ron -pho ton component o f 
any accompanying a i r showers. Since the i n t e r a c t i o n can occur i n any 
depth o f the t a r g e t , t h e r e f o r e the development o f the cascades va ry s i g n i -
f i c a n t l y and the energy e s t i m a t i o n f o r i n d i v i d u a l hadrons i s sub jec t t o l a rge 
e r r o r s . Since on ly one i n t e r a c t i o n o f each i n c i d e n t hadron i s observed the 
f l u c t u a t i o n i n KTX° i s another source of e r r o r f o r energy e s t i m a t i o n . 
5.2 P roduc t ion o f b u r s t i n lead and i r o n absorbers 
As was mentioned e a r l i e r a method to es t imate the hadron energy i s 
producing a b u r s t ( e l e c t r o n - p h o t o n cascade) i n an absorber and measuring 
the number o f e l e c t rons ( b u r s t s i z e ) under the absorber and c o n v e r t i n g t h i s 
b u r s t s i ze t o hadron energy. 
I n the present experiment two d i f f e r e n t absorbers , l e ad and i r o n 
were used, under each absorber a s i n g l e d e t e c t o r was employed t o measure 
34 
the number of e l ec t rons coming out o f the absorbers . I f the nuc lea r 
i n t e r a c t i o n processes are f u l l y understood then the hadron energy can 
be determined. 
This i s the aim o f t h i s chapter t o study the nuc lea r -e lec t romag-
n e t i c cascade, produced by the i n t e r a c t i o n o f hadrons, and t o discuss the 
method used i n the present experiment to conver t b u r s t s i ze to hadron 
energy. For t h i s purpose f i r s t , the pure e l ec t ron-pho ton cascade w i l l 
be discussed, then the d i scuss ion w i l l be extended to nuc lea r -e l ec t romag-
n e t i c cascades. 
5.3 The processes i n v o l v e d i n b u i l d i n g up a cascade 
The nuc lea r a c t i v e p a r t i c l e s undergo n u c l e a r i n t e r a c t i o n w i t h ma t t e r . 
The p r o b a b i l i t y o f i n t e r a c t i o n f o l l o w s an e x p o n e n t i a l d i s t r i b u t i o n w i t h the 
amount o f ma t t e r passed th rough . A f t e r the i n t e r a c t i o n , a f r a c t i o n o f the 
energy o f the c o l l i d i n g p a r t i c l e goes to the c r e a t i o n o f a number o f secon-
d a r i e s . This number i s dependent on the p r imary energy among the secon-
+ 
dar ies the pions ( I X " , 1 1 ° ) are the most abundant p a r t i c l e s . The charged 
p r imary pions can be assumed t o lose a l l o f t h e i r energy i n the c o l l i s i o n 
process, v /hi le nucleons would lose some f r a c t i o n o f t h e i r energy and t r a v e l 
i n the absorber, c a r r y i n g the remain ing energy u n t i l the nex t i n t e r a c t i o n . 
The f r a c t i o n o f energy l o s t i n an i n t e r a c t i o n i s c a r r i e d away by the secon-
+ 
dary p a r t i c l e s . T h e l l ~ t r averse some d is tance through the absorber i n 
almost the same d i r e c t i o n as the parent p a r t i c l e u n t i l they i n t e r a c t o r 
JL 
somehow they leave the absorber. I n the i n t e r a c t i o n , T f ~ w i l l lose almost 
a l l t h e i r energy. The charged pions can decay be fo r e i n t e r a c t i n g , b u t , 
the p r o b a b i l i t y i s low f o r a dense absorber and i t can be neg lec t ed . The 
+ 
decay t ime f o r i ! i s l e s s than I T " , so n e u t r a l pions w i l l decay r a t h e r 
ins t an taneous ly i n t o two photons These photons w i l l e i t h e r mater-
posi7*-«f) 
i a l i s e , p roducing e l e c t i o n p o s i t i o n p a i r s , o r undergo a & m p t o n c o l l i s o n 
1 
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provided t h a t , the energy o f the e l e c t r o n and p o s i t r o n p a i r s are above 
the c r i t i c a l energy f o r the medium. E l ec t rons lose energy predominant ly 
by r a d i a t i o n (pho tons ) . This r a d i a t i o n i n t u r n produces e l e c t r o n s . 
Since the produced secondaries c a r r y energies of the same order c f magnitude 
as t ha t o f the p r i m a r i e s , the energy degrada t ion i n the cascade i s r e l a t i v e l y 
slow and g r a d u a l l y the t o t a l number o f the cascade increases as the cascade 
develops i n the medium. The above processes cont inue u n t i l the mean energy 
o f the e l e c t r o n s f a l l s below the c r i t i c a l energy, a t t h i s stage o f cascade 
development the c o l l i s i o n losses become more impor tan t than r a d i a t i o n 
(b remss t rah lung) . The t o t a l number o f p a r t i c l e s i n the cascade reach a 
maximum. Since then , the number o f p a r t i c l e s i n the cascade s t a r t s t o 
decrease u n t i l the energy i n p u t t o the cascade has gone e i t h e r i n t o e x c i t -
a t i o n and i o n i z a t i o i i o f atoms i n the absorber o r the cascade p a r t i c l e s emerge 
f r o m the absorber. 
I t should be noted t h a t the above cons idera t ion , was f r o m j u s t one-
d iment iona l p o i n t o f v i e w , i n f a c t the cascade development has a lso a l a t -
e r a l spread due t o : 
a) the t ransverse momentum d i s t r i b u t i o n o f the created n e u t r a l 
p ions ( T f ° ) 
b ) the m u l t i p l e s c a t t e r i n g o f the s t r o n g l y i n t e r a c t i n g p a r t i c l e s 
c) the angular separa t ion o f photons produced f rom H ° decay 
d) m u l t i p l e s c a t t e r i n g of e l e c t rons i n the e l ec t ron -pho ton 
cascade 
e) the angular separa t ion o f the e l ec t rons crea ted i m p a i r 
p r o d u c t i o n . 
As was mentioned, to s i m p l i f y cascade s tudy , f i r s t , the pure e l e c t r o n -
photons cascade i s cons idered , then , the nuc lea r cascade t h a t i s i n f a c t the 
ske l e ton o f the whole cascade. 
i 
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5.4 The one-diment ional development o f e l ec t ron -pho ton cascade 
To answer the q u e s t i o n : What would be the energy, and Uie angular 
d i s t r i b u t i o n f o r e l e c t r o n s and photons a t dep th , t o f an absorber . 
Two pos s ib l e ways can g ive the answer: 
1) A n a l y t i c a l method 
2) Monte Car lo method. 
Approaching the problem by a n a l y t i c a l method, means e s t a b l i s h i n g a set o f 
d i f f u s i o n equat ions to represent the development o f the shower a t any depth 
o f absorbers . 
By Monte Car lo method the problem i s t a c k l e d by f o l l o w i n g the p r i m a r y 
p a r t i c l e and a l l subsequent p a r t i c l e s produced i n the absorber. 
To solve the problem mathemat i ca l ly , Rossi (1952) se t up the d i f f -
u s i o n equat ions concerning the number o f e l e c t r o n s and photons a t d e p t h , t , 
to the number o f e l ec t rons and photons a t depth ( t + d t ) , r e s t r i c t i n g the 
problem to the one-diment ional development, the d i f f u s i o n equations are as 
f o l l o w s : 
^ f o * ) = f y { B ' , t ) ( p p ( E ' f t ) dE' + [ H ( E ' f t ) ( W E « , E ' - E ) dE' 
H ( E , t ) £ ( E f E « ) dE' - / d r c ( E . t ) 
'e 3 E 
- o 
.oo JS 
3 Y ( E f t ) = f l * ( E ' , t ) £ e ( E ' , E ) d E ' - J y ( E , t ) £ p ( E , E ' ) dE' 
where 1 f ( E , t ) represents the number o f e l e c t rons o f energy E a t depth t , 
^ ( E j t ) i s the number o f photons o f energy E a t depth t , ^ i s the average i o n -
i s a t i o n l o s s per r a d i a t i o n l e n g t h , ( £ e ( E f E ' ) i s the d i f f e r e n t i a l p r o b a b i l i t y 
per r a d i a t i o n l eng th f o r the p r o d u c t i o n o f a photon o f energy E 1 by an e l -
ec t ron o f energy E, and(^p(E,E ' ) i s the d i f f e r e n t i a l p r o b a b i l i t y pe r r a d i a -
t i o n l e n g t h f o r the p r o d u c t i o n o f an e l e c t r o n o f energy E ' by a photon o f 
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energy E. 
To s i m p l i f y these equations c e r t a i n assumptions have t o be made. 
The equat ion can be so lved also n u m e r i c a l l y by i n t e g r a t i o n , u s i n g exact 
p r o b a b i l i t i e s . 
5.5 S o l u t i o n o f the d i f f u s i o n equat ions under approximat ion A and B 
To solve the d i f f u s i o n equa t ions , some approximations have to be 
considered i n the c h a r a c t e r i s t i c s o f i n t e r a c t i o n processes f o r the sake 
o f s i m p l i c i t y . To solve the problem under approximat ion A the energy 
losses due to i o n i s a t i o n and compton s c a t t e r i n g take no p a r t i n the s o l -
u t i o n . Bremsstrahlung and p a i r p r o d u c t i o n phenomena are cons idered . 
This approximat ion can be made i f the p a r t i c l e energy i s l a r g e compared 
w i t h the c r i t i c a l energy o f the medium. I n approximat ionB the above 
assumptions are made p l u s i n c l u d i n g a constant c o l l i s i o n l o s s . 
Both t h e o r i e s can be a p p l i e d o n l y to l i g h t m a t e r i a l through which 
the cascade develops. I n dense m a t e r i a l s the t o t a l photon absorp t ion 
c o e f f i c i e n t i s dependent on energy. I t should be noted t h a t i n approx-
i m a t i o n A the number o f e l ec t rons f o u n d i s over es t imated due t o the 
n e g l e c t i o n o f i o n i s a t i o n losses . I f the depth o f absorber i s measured 
i n r a d i a t i o n l e n g t h , the r e s u l t s o f approximat ion A are independent o f 
absorber m a t e r i a l . Th i s would be the case o f approximat ion B i f energies 
are expressed i n u n i t s o f c r i t i c a l energy. 
5.6 Method o f moments 
I n dense m a t e r i a l s the approximat ion A and B are n o t a p p l i c a b l e . 
To take i n t o account the energy dependence o f the t o t a l photon a b s o r p t i o n 
c o e f f i c i e n t and the e f f e c t o f the increased t r a c k l e n g t h due t o m u l t i p l e 
s c a t t e r i n g o f the shower e l ec t rons an a n a l y t i c a l approach to the s o l u t i o n 
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Figure 5.1 Transition curves i n lead target for primary electron of 
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are the results of Monte Carlo calculator, curves 1, 2 an J. 3 
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(1959, 1967a and 1967b). The method of moments calculates the average 
"behaviour of the cascade by evaluating the cascade moments. As the order 
to which the moments are calculated increases the degree of accuracy w i l l 
increase. Ivanenko and Samosudov evaluated the f i r s t four moments ob-
taining an accuracy of 5 - 10?j. Calculation has been done f o r a wide 
range of energies f o r materials: Lead, Iron, Copper, Aluminium and Graphite 
f o r d i f f e r e n t electron energy cut-offs. 
5.7 Monte Carlo procedure 
The computers have made possible to simulate the cascade processes. 
The results obtained concerning the mean shower characteristics are subject 
to fluctuations due to the s t a t i s t i c a l nature of the method. To decrease 
the error the number of simulations at each energy has to be increased. 
I t should be noted that the amount of computing time needed to 
simulate a cascade increases with the primary energy. For t h i s reason 
only the low energy cascades have been considered and simulated f o r dense 
absorbers so f a r . 
5.8 The comparison of simulations with experimental results 
A comparison of the results obtained from simulations and experiments 
are shown i n figure 5.1 and 5.2. I t can be seen that the Monte Carlo 
simulation made by Crawford and Messel and the calculation of Ivanenko and 
Samusodov are i n good agreement at low energy (Figure 5.1) although two of 
the experimental curves are well above the calculations and the experimental 
curve of Heutch and Prescott. This inconsistancy might be due to the ex-
perimental d i f f i c u l t i e s i n defining the cut-off energy. I n figure 5.2 the 
numerical calculations of Thielheim and Zttllner and the predictions of 
Ivanenko and Samosudov are shown. I n t h i s figure the predicted curve of 
Muller that obtained by f i t t i n g data from accelerator results at energies 
up to 15 Gev i s also shown. 
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The results of Ivanenko and Samosudov f o r i r o n was compared with 
experimental results i n the intermediate region of energies by Coats (1967) 
which found a reasonable agreement. This comparison shows that these 
calculations are v a l i d f o r a wide range of energies i n lead and i r o n ab-
sorber. Ivanenko and Samosudov quoted results f o r an energy cut-off 
relevant to the present experiment, about 1 Mev. The energy needed by 
an electron to pass through one flash tube i s about t h i s energy. There-
fore the t r a n s i t i o n curves of Ivanenko and Samosudov adopted f o r the present 
calculations. I n figures 5.3 and 5«4 the t r a n s i t i o n curves f o r photon-
i n i t i a t e d cascades i n lead and ir o n f o r an energy cut-off about 1 Mev i s 
shown. 
5.9 1 - dimentional nuclear-electromagnetic cascade simulation i n a 
thi c k absorber. 
5.9.1 Introduction 
As was mentioned i n the beginning of t h i s chapter,one of the methods 
to estimate the energy of in t e r a c t i n g p a r t i c l e s i s by producing a burst 
i n an absorber, measuring the burst size and converting i n t o the energy. 
I f the burst i s purely electromagnetic the energy estimation i s rather 
accurate, since the electromagnetic interactions are thought to be well 
understood. But i n the present experiment the burst are produced by 
hadrons so they are not purely electromagnetic but have a nuclear cascade 
superimposed. Unlike electromagnetic i n t e r a c t i o n the strong nuclear 
interactions are not f u l l y understood. Therefore the energy estimation 
i s dependent on tVe type of model adopted to calculate the burst size. 
Simulations have been made by several workers. Jones (1969a and 
1969b) has predicted cascade curves f o r protons i n i r o n absorber using a 
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Figure 5.3 The tr a n s i t i o n curves f o r photon i n i t i a t e d casoades i n i r o n 
calculated by Ivanenko and Samosudov. The number by each 
curve refers to the energy of the primary photon. The energies 
are i n un i t s of 0.437B, where B i s the c r i t i c a l energy of the 
absorber. The cut-off energy E i s 0 . 1 oavvl Mev. Lines of 
Constant age parameter (S) have been calculated from 
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Figure 5-4 The t r a n s i t i o n curves f o r photon i n i t i a t e d cascades i n lead 
calculated by Ivanenko and Samosudov. The number by each 
curve refers to the energy of the primary photon. 'Hie 
energies are i n units of 0.437B, where B i s the c r i t i c a l 
energy of the absorber. The cut-off energy E i s 0.55 or 
^ 1.2 Mev. Lines of Constant age parameter (S) have been 
calculated from approximation A. (.437B =3,41 Mev) 
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when an iron ionisation spectrometer was exposed to protons of momentum 
10, 20.5 and 28 Gev/c at an accelerator. Reasonable agreement was found. 
Vatcha et al (1972) carried out simulation by Monte Carlo method i n i r o n 
using three d i f f e r e n t nuclear interaction models f o r hadron energies up to 
10^ Gev. The simulations were carried out f o r the same geometry as was 
used i n a multiplate cloud chamber operated at Oatacamund, India. On the 
basis of the r e s u l t s , Vatcha et al concluded that the absorption of cascades 
i n the Tev region i s faster than that predicted by any of the models em-
ployed. To in t e r p r e t h i s observation he suggested the consideration of 
the gammanisation process suggested by Nikolski (1967) that the high energy 
photons are produced d i r e c t l y i n nuclear c o l l i s i o n s above some energy 
threshold. They also proposed that a higher i n e l a s t i c i t y with a higher 
m u l t i p l i c i t y could explain t h e i r r e s u l t s . 
Pinkau and Thompson (1966) using Cocconi, Koester an Perkin's (C.K.P.) model 
>'vt 
estimated the electron numbers as a function of depth ^ d i f f e r e n t materials 
f o r d i f f e r e n t i n e l a s t i c i t y , K and m u l t i p l i c i t y , n^. The model adopted f o r 
the present experiment to calculate the burst size under the lead and i r o n 
was basically similar to C.K.P. model to be discussed i n the following 
section. 
5«9«2 Nuclear int e r a c t i o n model 
Calculation has been carried out on the basis of C.K.P. model ( l 9 6 l ) 
to predict the average number of electrons emerging from 15cm of lead and 
ir o n produced by nuclear interaction of protons and pions of d i f f e r e n t 
energies. In t h i s calculation several assumptions were made as follows: 
a) the energy loss by ionization was neglected f o r hadrons, 
b) the hadrions were assumed to be v e r t i c a l l y incident on the 
absorbers, 
the hadrons were allowed to interact at successive depth ( t ) , 
i n radiation lengths, according to the p r o b a b i l i t y d i s t r i b u t i o n 
c) 
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P(t) dt = \ EXP("VA ) dt 
where A i s the interaction length of the incident p a r t i c l e i n u n i t s of 
radiation lengths. 
d) the mean m u l t i p l i c i t y of produced pions was calculated from 
J , = 3.0 A0'1? (KE ) ° - 2 5 
where A i s the atomic mass of the targe i, material, E i s the primary energy. 
The o r i g i n of t h i s equation i s from a combination of surveys (e.g. Greider, 
1971, Wdowczyk, 1973) and the hydrodynamical model of Belenkji and Landau 
(1956). The created pa r t i c l e s are taken to be pions ( T T , T T " , l l 0 ) , the 
+ 
neutral pions are ^ one-third of the produced pions and the rest are TT, 
e) I n e l a s t i c i t y coeficient f o r the incident pions was taken to 
be u n i t y (K=l). The mean i n e l a s t i c i t y f o r protons was assumed 
to be a function of the target material (Pinkau et a l 1969) 
f ) A l l produced pions were talc en to move i n the forward cone 
and the mean m u l t i p l i c i t y was used to estimate the mean energies 
of the forward pions. The energy i s equally distr i b u t e d among 
the pions, on average. The p r o b a b i l i t y of energy d i s t r i b u t i o n 
f o r produced pions i n laboratory system follows the equation: 
P(E) dE = EXPCE/E' ) ^ 
E» 
where P(E) dE i s the d i f f e r e n t i a l p r o b a b i l i t y of the createdpions with energy 
between E and E + dJE, E* i s the average energy of the forward cone. 
g) Neutral pions ( T l 0 s ) were taken to decay instantaneously i n t o 
two photons with equal energy i n i t i a t i n g the electron-photon 
cascades. Prom the curves predicted by Ivanenko and Samosudov 
(Figures 5.3 and 5 . 4 )» the t o t a l number of electrons emerging 
from the absorbers was calculated. 
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A l i s t of constants applied throughout the calculation i s given i n 
table 5.1 and 5.2 
5.9.3 Calculation procedure 
Taking into account the above assumptions, the 15cm of lead and 
i r o n absorbers were divided i n t o four layers (A, B, C and D) of equal 
thickness. A hadron with energy E allowed to in t e r a c t i n the middle of 
each layer according to the p r o b a b i l i t i e s calculated from equation men-
tioned e a r l i e r (item C). One-third of the created pions i n the f i r s t 
+ 
c o l l i s i o n was assumed to be Tl and two-third I l ~ . For charged pions 
the applied cut-off was taken to be <£. 1 Gev and f o r H ° s C0.2 Gev. 
+ 
Using the C.K.P. d i s t r i b u t i o n the t o t a l number of H " with energy more 
than 1 Gev and the H ° s of energy more than the cut-off energy (0.2 Gev) 
was calculated. The mean energy f o r charged pions i s ( l + E') Gev and 
forTT°s (0.2 + E 1 ) . This v/as calculated from: 
E = 
dE 
E E exp ("7E') E' 
0 0 /-E/„,v dE exp ( /E') f ? 
where E' i s the mean energy of the created pions i n Gev. The H ° s were 
assumed to decay instantaneously i n i t i a t i n g an electron-photon cascade by 
the following reactions 
n° >-2 Y 
^>f )- e + x e~ 
The energy between tv/o photons i s assumed to be equally d i s t r i b u t e d . 
+ 
The H s either i n t e r a c t somewhere deeper i n the absorbers or emerging 
without c o l l i s i o n s . The mean depth of successive c o l l i s i o n s was computed 
from the following: 
x _ A _ 
ex P( 7^ ) - 1 
Absorbers Fe Pb Al. Glass 




X (g.cnf 2) 14.1 6.5 28.4 26.; 
H .6X^ 34.54* 5.37* 5 . 0 U o 
*P 9.94XQ 33.08XQ 4.25 3.95X, 
Koliere u n i t 1.53 cms 1.38 cm 
Table 5.1 A l i s t of constants used i n the calculation 
Absorber Fe Fb 
Mean i n e l a s t i c i t y 
of protons (iC) 0.63 0.80 P 
lie an i n e l a s t i c i t y 
of pions (Klfd) 1.0 1.0 
Table 5.2 The values of tho mean i n e l a s t i c i t i e s adopted 
f o r proton-nucleus and pion-nucleus c o l l i s i o n s . 
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Where X i s the distance from the bottom of the absorber to the f i r s t 
interactron. The f i r s t interaction was assumed to occur in the middle 
of the layers A, B, C and D, i s the mean free path of pions. The 
proton inelasticity was assumed to be O.63 for iron and 0.8 for lead, 
the reason for the energy cut-off of 1 Gev for I f i s that the inelastic 
cross-section of pions f a l l s off sharply at this value (Hayakawa 1<#>9) • 
There i t can be concluded that the pions do not contribute to the oaseade. 
The neutral pion ( H ° ) cut-off of 0.2 Gev was taken, the photon ore ate d 
by the decay of the H ° would not contribute significantly to the elec-
tromagnetic components of the oasoade. 
3*9*4 Burst size-energy calibration, calculation results 
Calculation has been oarried out for primary energi-rei 10+, 10 
l o ' and 10^ Gev. The incident partioles were assumed to be protons 
and pions interacting in lead and iron absorbers, 15 cm in thickness each. 
The results of the calculation are shown in figures 5*5 and 5*6. 
Sfcese figures show the average number of electrons coming out of 15cm of 
lead or iron as a function of incident energy. The calculation result 
shows that for a given material the proton and pion curves are rather 
parallel* but i t can be seen that there i s a difference in burst size 
that eon be attributed to different inelasticity. For iron absorber the 
eiaxws show a flattening at higher energies. I t can be interpreted that 
the cascade at high energies cannot properly develop in iron absorber of 
6*19 radiation length thickness. But since there are 26.2 radiation length 
in lead the cascade can develop. The burst size-energy relation was c a l -
Ottlated by (Cooper 1974, private communication) using the Monte Carlo 
method. The calculation was carried out for protons and pions incident 
os» load and iron target. In this calculation similar assumptions were 
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Figure 5.6 The average burst size (N) produced by primary protons 
and pions, i n t e r a c t i n g i n 15cms of iron * as a function 
of energy. 
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Figure 5«7 A comparison between the average treatment procedure (solid line) 
and Monte Carlo Method (broken lin e , Cooper 1970 i n calculating 
the average burst size, N , produced by primary pions incident on 
15cms of lead target against the energy. The open cir c l e s represent 
Monte Carlo calculations for pions incident at a zenith angle cf 3° . 
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Monte Carlo simulation. I t can "be seen that the results of "both methods 
are i n a good agreement. 
5.10 The burst size d i s t r i b u t i o n 
The procedure adopted as an average treatment gives information 
on average characteristics of the cascade produced i n the lead and i r o n 
absorbers. I n figures 5.8, 5 .9» 5-10 and 5-H the d i s t r i b u t i o n of the 
produced burst size (Ne) below the i r o n and lead targets against the depth 
of the f i r s t interaction are i l l u s t r a t e d f o r protons and pions of d i f f e -
rent incident energies. As i s seen there i s no maximum f o r the burst 
size d i s t r i b u t i o n f o r higher energies, since the cascades are not deve-
loped properly i n tVe i r o n of thickness 8.19 radiation length, 
the p r o b a b i l i t y of observing a burst of size ^  N g particles f o r a given 
energy could be calculated from the previous d i s t r i b u t i o n s . 
I n figures 5-12 and 5-13 the i n t e g r a l p r o b a b i l i t y of pions of 
energy E producing a burst of size ^  N under the i r o n and lead are shown. 
5.11 Conclusion 
The burst size energy r e l a t i o n calculated by the procedure explained 
i n t h i s chapter agrees with the method of Monte Carlo calculation. The 
relationship v/as used to convert the burst size, measured from the actual 
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Figure 5.8 The r e l a t i o n betveen the depth of the f i r s t i n teraction f o r 
a proton of d i f f e r e n t primary energy (E ) and the burst size (IT) 
below 15 (cm) of lead. P 
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Figure 5.9 ^ G r e l a t i o n betv/een the de^th of the f i r s t in terac t ion 
for a pion of d i f f erent primary energy ( E ^ ) and the burst 
s i ze (N) below 15 (cm) of lead. 
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Figure 5.10 The depth of f i r s t in terac t ion i n i r o n absorber as a funct ion 
of the burst s i z e produced by proton of d i f f e r e n t energies. 
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Figure 5.11 The r e l a t i o n "betv/een the de-th of the f i r s t i n t e r a c t i o n 
for a pion of d i f f erent primary energy (S-^- ) and the burst 
s i z e (N) below 15 (cm) of i r o n . 
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TEDS NEON PLASH TUBE CHAMBER MID THE 
EXPERIMENTAL ARRANGEMENT FOR THE STUDY 
OF. HADRONS IN EXTENSIVE AIR SHOWERS 
6.1 Introduction 
I n th i s chapter the f l a s h tube chamber and the experimental 
arrangement f o r the study of high energy nuclear act ive p a r t i c l e s i n 
extensive a i r showers are described. 
The method of a i r shower core locat ion and shower s i z e determination 
i s also explained. 
6.2 Pr inc ip l e of operation of neon f l a s h tubes 
When a charged p a r t i c l e , say, a cosmic ray traverses a f l a s h tube 
a t r a i l of ion p a i r s i s l e f t along the p a r t i c l e t r a j e c t o r y . Placing, the 
f l a s h tube between two electrodes and subsequently applying a high voltage 
pulse to the e lectrodes , the tube w i l l f l a s h due to the ion p a i r s , and the 
discharge w i l l spread through the tube. The high voltage pulse i s u s u a l l y 
a few K . V . with a length of a few microsecond. With an array of f l a s h tubes 
the p a r t i c l e track can be seen. 
6.3 The neon f l a s h tube chamber 
A f l a s h tube chamber as a v i s u a l detector haS been used i n the present 
experiment to observe the tracks of cosmic rays and to record the nuc lear 
interact ions occuring i n the chamber. A scale diagram of the chamber i s 
shown i n Figure 6 .1 . 
The chamber has been constructed of about 11000 f l a s h tubes. The 
tubes are made of soda glass f i l l e d with neon gas (9$;) and helium gas (2?») 
with a pressure of 60 cm Hg. Each tube i s 2 meters long. The tubes are 
c y l i n d r i c a l with mean in terna l diameter 1.58 cms. and mean external diameter 
1.78cms. The tubes are covered with polythene s leeving to prevent l i g h t 
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t rans fers to adjacent tubes. The tubes are arranged such that between 
each two l a y e r s of tubes an aluminium electrode (0.122 cms th ick) i s placed. 
As can be seen from the scale diagram the chamber cons is t s of , from top 
to bottom: a l ayer of 15 cms of l ead; a p l a s t i c s c i n t i l l a t o r of area 
2 
1 m ; 8 l a y e r s of neon f l a s h tubes (P, ) 15 cms of i r o n ; a fur ther p l a s t i c 
L a 
2 
s c i n t i l l a t o r , area 1 m , 116 layers of neon f l a s h tubes. Nuclear act ive 
p a r t i c l e s i n t e r a c t i n the lead or i r o n target producing b u r s t s , the s ize of 
the burst being measured by the s c i n t i l l a t o r s under the l ead and i ron 
(C and A r e s p e c t i v e l y ) . 
The 15 cm lead roof and 30cm baryte concrete w a l l s shield the chanter 
from the so f t component of the cosmic rad ia t ion . 
6.4 The hi/gh voltage fuls in /? system 
A high voltage pulse i s applied to the electrodes of the f l a s h tube 
chamber a f t e r the tr iggering requirement i s es tabl i shed. This high voltage 
pulse i s supplied by a system, cons i s t ing of a H .T . puls ing u n i t , f igure 
6 .2 , and a spark gap, f igure 6 .5 . A 5 v o l t tr igger pulse i s used to t r igger 
a t h y r i s t o r , producing an output of +300 v o l t s . This pulse i s applied to 
a high voltage pulse transformer to produce a tr igger pulse f o r the spark 
gap. Af ter the appl icat ion of 16 KV. across the main spark gap, the gap i s 
broken down by the production of photo-electrons (S le t ten and Lewis, 1956). 
This breakdown i s caused by the tr igger spark. 
The shape of the pulse , applied to the electrodes of the chamber i s 
almost rectangular having a height of 8K.V. and a length of 10A s . produced 
by the c i r c u i t shown i n f igure 6 .3 . The capacity of the f l a s h tube chamber 
which th i s u n i t supplies i s 0 . 0 8 1 ^ F . 
6.5 C h a r a c t e r i s t i c s of f l a s h tubes 
As was mentioned e a r l i e r when a charged p a r t i c l e passes through a 
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tube i s l e f t along i t s t rack . Lloyd (l96o) came to a conclusion that only 
the e lectrons of the ion pa irs are responsible to discharge the tube. He 
set up d i f f u s i o n equations for the electrons produced i n the tube and solved 
them. The solut ion gave the probabi l i ty of occuring a discharge i f a high 
voltage pulse i s applied a f t e r a time from the passage of the i on i s ing 
p a r t i c l e . This probabi l i ty i s known as the i n t e r n a l e f f i c i e n c y , Lloyd 
expressed the in terna l e f f i c i e n c y as a function of D.Td/a , where D i s the 
d i f fus ion coe f f i c i en t of Thermal electrons and a i s the i n t e r n a l radius of 
the tube, with a f ' ^ as a parameter, f^ i s the probabi l i ty that a s ingle 
e lectron produces an avalanche and i s the probttbrl^i^-pw-unrt—length 
e£eeHoi\* f^Jn.te^P*i. u^',f pull #enff}> ^ 7*£. nutrt j^4£ . 
ofHihe-traz^o'f-'th'e^Trc The only 
parameter dependent on the charge of the p a r t i c l e i s and i s re la ted to 
the ion izat ion loss of the p a r t i c l e i n the gas (Q^ i s a funct ion of the 
square of the e l e c t r i c charge). For an e-charged p a r t i c l e a-f-jQ-^  * s 
9 . 2 e . ( a f l V 9 ) V 2 . 
The in terna l e f f i c i e n c y of the chamber as a funct ion of time delay 
( T D ) f o r d i f f erent values of a r^Q^ has been ca lculated us ing the Lloyd 
theory. The r e s u l t of the ca l cu la t ion i s shown i n f igure 6.4. Prom t h i s 
f igure i t i s seen that the e f f i c i e n c y of the chamber f a l l s of f as the time 
delay increases . This f a c t i s due to the lo s s of i n i t i a l e lectrons by 
d i f f u s i o n to the g lass tube walls i n the time i n t e r v a l between the passage 
of the charged p a r t i c l e and the appl icat ion of the high voltage pulse to 
the chamber. 
I n the present experiment a long time delay (330/vs) has been used, 
since only a f t e r a long time delay i s i t possible to locate the axis of 
the large burs t s . 
6.6 The comparison of e f f i c i e n c y - time delay measurement with c a l c u l a t i o n 
The probabi l i ty that one of the tubes of a s ingle layer f lashes when a 
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p a r t i c l e passes through i t i s c a l l e d the layer e f f i c i e n c y ' ^ n i s 
probabi l i ty w i l l not be un i ty since a p a r t i c l e may Traverse through the 
w a l l s of the tube rather t an the gas. The maximum layer e f f i c i e n c y to 
be expected i s found to be: 
liax. Tl i - ins ide diameter . n r t . , t x lOO/'o 
outside diameter 
th i s i s temed as in terna l e f f i c i e n c y . 
I t i s sometimes necessary to delay the appl icat ion of the high 
voltage pulse . During th i s time delay ( T D ) the ion p a i r s , produced by 
the passing p a r t i c l e w i l l commence to d i f fuse to the wal l s of the tubes. 
The e f f i c i e n c y of the tube then w i l l be reduced. One can experimentally 
measure the l a y e r e f f i c i e n c y as a function of time delay. A measurement 
was made by (Cooper 1973) i n the fol lowing way: 
Single muons were selected by a two-fold coincidence between two 
p l a s t i c s c i n t i l l a t o r s . For d i f f e r e n t xime delay, a large number of s ingle 
muon tracks were photographed and analysed. 
The l a y e r e f f i c i e n c y , T| ^ was measured by counting the number of tubes 
f lashed i n successive layers along the track i n a c e r t a i n block of f l a s h tubes. 
To obtain the layer e f f i c i e n c y the number of f l a s h tubes f lashed by a s ingle 
muon has been divided by the to ta l number of l a y e r s i n the block. To f i n d 
the i n t e r n a l e f f i c i e n c y (T| ^) the layer e f f i c i e n c y has been mult ip l ied by 
the r a t i o of the mean in-teinal diameter of the f l a s h tubes to the mean 
external diameter of the f l a s h tubes: 
1.58 
The r e s u l t of the measurement i s shown i n f igure 6.6 and compared wi-fti the 
ca l cu la t ion . I t has been found that the best f i t for Lloyds parameter, 
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6.7 Ca l ibra t ion of the s c i n t i l l a t i o n detectors 
The c a l i b r a t i o n boin^ described here i s f o r defector A, placed 
under the i ron; detector C under the lead and detector K on the top of 
the chamber, th i s c a l i b r a t i o n has been performed by B.A. Cooper (1973). 
Single muons were se lected by a small Geiger telescope and the pulse from 
the coincidence uni t was used to tr igger the scope. The loss i n pulse 
height f o r a pulse transmitted from the phototubes through the e l ec t ron ic s 
has been found. The output/input c h a r a c t e r i s t i c for s c i n t i l l a t o r A, C 
and M i s shov/n i n f igures 6.7 and 6.8. The pulse height d i s t r i b u t i o n f o r 
s ingle p a r t i c l e s passing through the centre of each s c i n t i l l a t o r i n the 
v e r t i c a l d i rec t ion has been measured f o r d i f f eren t values of I I . T . voltage. 
The potentio meters were adjusted for each tube, separately to give i d e n t i c a l 
output pulse heights f o r a charged p a r t i c l e passing through the middle of 
the s c i n t i l l a t o r . By adding the outputs from phototnnltiplier tubes the 
complete s c i n t i l l a t o r has been ca l ibra ted . The c a l i b r a t i o n curves are 
shown i n f igures 6.9 and 6.10. 
6.8 The a i r shower se l ec t ion detectors. 
Figure 6.11 shows the d i spos i t ion of the selected shower detectors 
i n conjunction with the hadron detector ( f l a s h tube chamber). This array 
i s composed of 5 detectors displaced i n d i f f e r e n t distances fron the centre 
of i n s t a l l a t i o n . 
The detector M ( area 1.24 m ) i s located on the top of the chamber. 
6.9 The r e l a t i o n between shower s ize and the co l lect in /r area 
Since the whole of the c o l l e c t i n g area, the area covering a c i r c l e 
of radius 10 meters with the centre at the middle of s c i n t i l l a t o r K, was 
not e f f ec t ive for a l l shower s i zes i t was necessary to determine the v a r i a t i o n 
of the c o l l e c t i n g area with shower s i z e . The minimum measurable density 
i/p 
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i n a l l de tec to r s were 5 ' " a r t i c l e s per square meter . Assuming the Greisen 
l a t e r a l s t r u c t u r e f u n c t i o n , a se t o f curves ( j i v i n g the e l e c t i o n d e n s i t y as 
a f u n c t i o n o f core d i s tance f o r d i f f e r e n t -hov/er s i zes has been produced 
( f i g u r e 6.12 ) . From t h i s f i g u r e the v a r i a t i o n o f c o l l e c t i n g area 
w i t h shower s ize has been determined ( f i g u r e 6.13). I t can be seen t h a t 
as the shower s ize increases the c o l l e c t i n g area increases . The minimum 
shower s ize f o r which the whole c o l l e c t i n g area i s e f f e c t i v e i s 5*10^ 
p a r t i c l e s . 
6.10 T r i rarer in/? mode 
The apparatus has been set up t o f i r e a f t e r a b u r s t o f s i ze — 400 
p a r t i c l e s produced e i t h e r i n l e a d o r i r o n absorbers. The b lock diagram 
f o r the e l e c t r o n i c employed i n t h i s experiment i s shown i n f i g u r e 6.14. 
Once the apparatus was t r i g g e r e d the pulses f r o m s c i n t i l l a t o r s A (under 
the i r o n ) a n d C (under the l e a d ) as w e l l as the pulse f r o m d e t e c t o r K 
(on the top o f the chamber; were d i sp l ayed on an osc i l l o scope t r ace a f t e r 
b e i n g delayed, by 0.3 \Ls and 0.9 V s and 1.6 Us r e s p e c t i v e l y and photographed. 
At the same t ime a 4-beam scope t o which the outputs o f f o u r A . S . d e t e c t o r , 
were connected, was f i r e d a f t e r the p r o d u c t i o n o f a b u r s t e i t h e r i n l e a d o r 
i r o n t o g ive i n f o r m a t i o n on E.A.S. accompaniment. These pulses were a lso 
photographed. The 1-beam scope gave the b u r s t s i ze under the l e a d and 
i r o n and the e l e c t r o n d e n s i t y i n d e t e c t o r M. The 4-beam scope gave the 
e l e c t r o n d e n s i t y i n 4 a i r shower d e t e c t o r s . A dead t ime o f 10 
seconds has been imposed a f t e r every event . This dead t ime has been 
a p p l i e d by means o f an RC-con t ro l l ed de lay c i r c u i t which switched a r e l a y , 
e a r t h i n g the coincidence pulse l i n e . The pulse f r o m e i t h e r d e t e c t o r A o r 
C was f i r s t f e d to t h i s 10 second de lay genera to r , then a l lowed t o f i r e 
the spark gap t o apply a h i g h vo l t age t o the chamber and the c y c l i n g 
system which t r i g g e r e d the micro switches c o n t r o l l i n g f i d u c i a l l i g h t s 
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Figure 6.12 The a i r shower l a t e r a l s t r u c t u r e f o r d i f f e r e n t shower 




et. D M 
Off 
16m 




L J U i 
25 









UL U . 
UJ U i U i LU z 
3 
u. NO 
3 2 a 3 a 2 
.2> 
5 a u. 
1 
n u. u. LL LL U . LL U . U . I J- LL U- U . U, LL U , U LL LL t i - l l . Q31 LU LU LU LU LU UJ LU L U L U UI LU LU IU LU LU ^ | UI UJ UJ w \u rM TaaSo" t ^ w i \ „ y 
yoi03iaa . 
51 
on the chamber, i l l u m i n a t i n g the c lock and w i n d i n g on the cameras. The 
cyc le t<i:es approximate ly 7 seconds. 
6.11 The method o f ana lys ing da ta 
A l l three f i l m s were p r o j e c t e d on t o a scanning t a b l e a f t e r b e i n g 
c o r r e l a t e d . The geometry o f the b u r s t has been determined and the 
h e i g h t o f the pulses were measured. Figure 6.15 shows the scanning 
sheet used. The b i g pulse he igh t s i n 4-beam scope were measured by e x t r a -
p o l a t i o n . 
6.12 A method f o r e s t i m a t i o n o f hadron energy f r o m f l a s h tube chamber 
A rough c a l i b r a t i o n to est imate the energy o f hadrons i n t e r a c t e d 
i n l e ad or i r o n abse^vess has been made by c o u n t i n g the number o f f l a s h 
tubes f l a s h e d i n a d e f i n e d and f i x e d w i d t h over 8 l aye r s i n F ( i n t e r a c t i o n 
l a 
i n l ead t a r g e t ) and 6 l a y e r s i n F ^ ( b u r s t produced i n i r o n ) . This was 
poss ib le when the core o f the b u r s t cou ld be l o c a t e d . F igures 6.16 and 
6.17 are the s c a t t e r p l o t o f the number o f f l a s h tubes which had f l a s h e d 
w i t h i n -0.5 cms f rom the middle o f the core on the scanning sheets ( sca le 
1 : 20) as a f u n c t i o n o f b u r s t s i z e , ob ta ined f r o m s c i n t i l l a t o r s under 
the two absorbers. F igure 6.18 shows the average r e l a t i o n s h i p o f the 
two s c a t t e r p iuLbs . P la tes 1, 2, 3 and 4 show the t y p i c a l events r ecorded . 
6.13 The method o f acceptance f u n t i o n d e t e r m i n a t i o n 
The method adopted t o determine the d i f f e r e n t i a l aper tures o f the 
f l a s h tube chamber was the method used by L o v a t i e t a l (1954)- They have 
in t roduced a procedure to convert the p r o j e c t e d angular d i s t r i b u t i o n o f 
p a r t i c l e s i n t o the d i s t r i b u t i o n f u n c t i o n o f p a r t i c l e s g i v e n by Cos1 1© i n 
r e a l space. 
L o v a t i e t a l considered two h o r i z o n t a l r e c t a n g u l a r coun te r s , A and 
33 w i t h dimensions 2 Y cm by 2 x cm and'-' 1 cm by 2 v cm and p laced one above 
the o the r a t a d i s tance Z c m , f i g u r e 6.19. The incoming p a r t i c l e d i r e c t i o n 
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The f r o n t view o f the f l a s h tube chamber as drawn on the 
scanning sheet . 
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i s determined by the angles - f t and which are r e l a t e d to the z e n i t h 
angle l-p as: 
Cos ^ = Cos -9 Cos i|> 
I f the i n t e n s i t y o f incoming p a r t i c l e s f o l l o w s the equa t ion below 
I ( *P ) = I (V) Cos1 1 ip 
where I (V) i s the i n t e n s i t y o f i n c i d e n t p a r t i c l e i n v e r t i c a l d i r e c t i o n i n 
—2 —1 —1 
u n i t s o f cm"" s t " sec and I ( ) i s the i n t e n s i t y a t z e n i t h angle*J>. 
The t o t a l f l u x o f incoming- -pa r t i c l e s through the two r e c t a n g u l a r counters 
would be as f o l l o w s : 
F t ^ jjjdx dy Cos ^ I( ^  ) dw 
=
 JW'JJ^" dx dy Cos Cos n <4> dw 
where dw i s the elementary s o l i d angle and i t i s represented b y : 
dw = Cos <1> dip d •& 
Therefore F = I ( V ) / / / dx dy C o s n + 1 S d d C o s n + 2 i p dtp 
£ P PL = 2 I ( o ) / * / I * l'*2 C o s n + 1 S d « dydx Co***2® d(Ji 
I n v e r t i n g the oi-der o f the i n t e g r a t i o n w i t h the l i m i t s : 
* ! = 0 . * 2 = t a n " 1 ( * - ± - * ) 
X , = - X , X„ = X 
'2 — v z 
y-L = - y f y 2 = y - z t an 
and i|> x = arc t a n ( " * x . Cos d ) 
<J> = arc t a n ( W " x . Cos •& ) 
D e f i n i n g N r ( •& ) as the o r thogona l p r o j e c t i o n on the v e r t i c a l plane yz 
o f the angular d i s t r i b u t i o n f u n c t i o n then , 
F t = [ S r n ( o ) d $ 
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Therefore B ( $ ) = 2l(V) C o s n + 1 ^ ( y + v - z t a n $ )j 6xT''Co3n+2{\) d l j j 
c o n s i d e r i n g the l i m i t a t i o n as: 
y + x - z t a n > o 
i . e . t an <§• ^ ( y + v ) / Z 
I n t e g r a t i n g the above equat ion f o r i n t e g e r values of the exponent n . 
The r e s u l t s of the i n t e g r a t i o n f o r the d i f f e r e n t values o f n can be shown as: 
N Q ( S ) =1 K C o s ^ ( ( x - w) are t a n f ^ 0 ^ |-: (w + x )are t a n < w + x > C o S 3 j j 
. ( 3 ) , J L K C o s ^ f 2 2 - 2 ^ Z ' + ( w - x ) 2 C o S 2 ^ ^ ( z W x f o o s ^ | 
1 3 1 A_V2 A + V 2 J 
N 2 ( d ) = | K Z 5 C o s 2 ^ ( A / 1 - A + _ 1 ) + 2 C o s 2 ^ £ ) 
N 3 ( d ) = K Z 4 Cos5<& ( A / 3 / 2 - A + " 3 / 2 ) + | C o s 2 £ N^( $ ) 
where K = 4 l ( £ ) ( y * v - z t a n $ ) and = Z 2 + (w± x ) 2 C o s 2 £ 
p a l l i s o n (1965) expressed a general equa t ion f o r n > l a s : 
N ( ^ ) = K ^ W ^ ( A - 7 2 . - 7 2 ) + n ^ C o s 2 ^ N 2 ( ^ ) 
n n.(n+2) " + 1 1 + 2 n 
Therefore by knowing the acceptance l i m i t s o f the apparatus the p r e d i c t e d 
angular d i s t r i b u t i o n can be c a l c u l a t e d , comparing the p r e d i c t e d t o measured 
angular d i s t r i b u t i o n the value o f n can be determined. 
So, t o c a l c u l a t e the acceptance aper tu re o f the f l a s h tube chamber i n 
the present experiment i t i s necessary to d e f i n e the acceptance l i m i t s f o r 
which the events are se lec ted (see chapter 9). 
6.I4 Method o f shower core l o c a t i o n 
6 . I 4 . I I n t r o d u c t i o n 
By sampling the e l e c t r o n d e n s i t y a t d i f f e r e n t p o i n t s i n a shower one 
can determine the core p o s i t i o n of the shower p rov ided t ha t a l a t e r a l d e n s i t y 
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d i s t r i b u t i o n f u n c t i o n i s assumed. Detectors capable f o r measuring the 
p a r t i c l e , d e n s i t y are G.M. counter, i o n i z a t i o n chamber, s c i n t i l l a t o r s and 
cloud chambers. 
There are other methods of a i r shower core l o c a t i o n by measuring other 
p r o p e r t i e s of the p a r t i c l e s i n the shower such as, energy, angle, nature 
and t i m i n g a r r i v a l which can be r e l a t e d t o the core distance. I n the pre-
sent experiment the method of sampling the e l e c t r o n d e n s i t y was vised. 
6.14.2 L a t e r a l s t r u c t u r e f u n c t i o n 
The l a t e r a l d i s t r i b u t i o n o f the e l e c t r o n d e n s i t y i s r e f e r r e d to as 
the s t r u c t u r e f u n c t i o n . This a i r shower c h a r a c t e r i s t i c s have been measured 
by many people both at mountain a l t i t u d e and sea l e v e l . Greisen (l96o)has 
summarised a great deal of experimental r e s u l t s and obtained an average ex-
perimental expression. This expression has been used by many people and 
i s b e l i e v e d t o be a good r e p r e s e n t a t i o n o f the s t r u c t u r e f u n c t i o n . This 
f u n c t i o n i s expressed as: 
«- \***} 2 S ; k r + r , ; u 11.4r, * 
r l 1 1 
where.P i s the e l e c t r o n density per square metre f o r a shower of size N a t . 
core distance r (m). i s t!:e c h a r a c t e r i s t i c s c a t t e r i n g l e n g t h , c a l l e d 
K o l i e r u n i t , f o r e l e c t r o n s i n a i r . For core d i s t a n c e d 100 m t h i s f u n c t i o n 
becomes a. close approximation t o the t h e o r e t i c a l f u n c t i o n of Nishimura and 
Kamata (1952, 1958) f o r pure electron-photon shower w i t h 3 as an age para-
meter. Greisen (1956) has given a s i m p l i f i e d v e r s i o n as: 
F ( 7 ^ ) = C(S) ( f f~2 (-f- + I ) 5 " 4 - 5 
1 r l x l 
where C(S) i s a n o r m a l i s a t i o n f a c t o r : 
/
©o 




I f the l a t e r a l d i s t r i b u t i o n i s shower size independent the density o f 
e l e c t r o n a t a core distance r w i l l have the form: 
P (H . r ) = ^ . f ( r ) 
The K e i l group ( H i l l a s 1970) gives an expression, u s i n g a neon hodoscooe, as: 
P (N,r) = 1.08 x 10"2 —.1 exp ( — ) 
( r + 1.1) * 5 120 
Hasegawa e t a l (1962) expressed an s t r u c t u r e f u n c t i o n as : 
P ( N , r ) , S 1 . *xv(Zt) 
2 n (120 n ) / 2 r 1 , 5 
Sydney group measurements, H i l l a s (1970) gives an expression as: 
P (N,r) = 2.12.10"3 exp ( =~-) 
A comparison of the d i f f e r e n t measurements i s shown i n f i g u r e 6.19a there 
i s a discrepancy i n experimental r e s u l t s t h a t could be due t o the e r r o r s 
i n the core l o c a t i o n . 
6.14.3 Graphical method of core l o c a t i o n 
Sampling the p a r t i c l e d e n s i t y a t f o u r p o i n t s on an observation l e v e l 
the shower core can be l o c a t e d , assuming an e l e c t r o n l a t e r a l d i s t r i b u t i o n 
f u n c t i o n . Any tv/o measurements of e l e c t r o n densityP'c determine a l i n e 
which the shower axis must i n t e r s e c t as i t crosses the observation l e v e l . 
Four e l e c t r o n density determine three l i n e s t h a t w i l l i n t e r s e c t i n one 
p o i n t i f the l a t e r a l d i s t r i b u t i o n i s c o r r e c t . To prepare the core 
l o c a t i n g c h a r t c , f o r each tv/o detectors the core distance r t o one d e t e c t o r 
was taken t o be constant, the distance of the core to the o t h e r one was 
v a r i e d and the e l e c t r o n d e n s i t y r a t i o o f two d e t e c t o r was c a l c u l a t e d i n each 
(—r i n n i l i — r i i i m i i i 1111*1 






10 i.mtil ?- ,J I f i •„i;l I l .1 I m i l 
1 , 10 100 1000 
Core Distance r(m) 
Fipure 6.1?a Lj?tcr«l s t r u c t u r e f u n c t i o n of EA3 p a r t i c l e s . The 
curves ere due t o e m p e r i c r l formula g i v e n by Creisen 
(1960) ;md observations o f K i e l group ?nd Sydney 
group H i l l ? j s (1970a). The o r d i n a t e ftives e l e c t r o n 
d e n s i t y f o r a shower s i z e of N - 1. 
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case u'sin^ Grcisen structure function (section 6.14.2). Come of the 
results o f the calculation is shown in figures 6.20 and 6.21. ?ron these 
curves the- core locating charts, shov.iryj the lines o f constant ratio of 
densities between detectors were determined. To produce the locus of 
core positions that would produce a constant density ratio between tv:o 
detectors the iv...-:..i- in figure 6.20 and 6.21 are used. Different x^ and 
corresponding r c a r c obtained for a particular density ratio. determines 
the radius of ;i circle on which the core must f a l l , iv, dctornincs a similar 
circle around detector 2. The pairs of the points produced by the inter-
sections of the pairs of the circles cive the required locus. Figures 6.22, 
6.25 and 6.24 show a chart of these lines of constant electron density ratio 
for each pair of detectors, each ratio places the shower ar:is in one lino. 
Knowing the cere location and the electron densities in different sc int i l l -
ators the Thov/or size was determined usin;; the lateral structure curve shown 
in figure 6.25. Figure 6.26 shows an e::onple of the core locatic... 
.'a i^"C the errors ir. the electron density measurement as poissonian 
the frequency distribution of A U v;as obtained, where Ail ic the naxinuni 









Core location graphs 
f i = distance of core from detector 1 
10 
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r 2 m — * • 
Figure 6.20 The v a r i a t i o n o f the r a t i o of the e l e c t r o n d e n s i t y of two 
d e t e r t o r s against the core distance of one of the two w i t h 
the core distance o f the o t h e r as a parameter. 
(These curves are val i d , f o r cay separation D of detectors 
1 and 2 provided r n -;- r£>D). 








Core location graphs 
r, = distance of core from detector 1 
10 
An = pulse height at detector 2 
At 
10 KJ 10 10 0 
r 2 m -Si-
Figure 6.21 The v a r i a t i o n of the r a t i o s of the e l e c t r o n d e n s i t y o f 
two detectors against the core distance' of one o f the 
two w i t h the core distance of the oth e r one as a 
parameter. (These curves are v a l i d f o r any separation D of 

































































10 10 10 10 10 
Core distance (m) 





t o CO 






\ CO \ 
en 
i = CO 
• i CM 
fit II 







jTicure'6.27 Eb:equ.ency d i s t r i b u t i o n i n the maximum 
e r r o r i n core l o c a t i o n . 
PLATE 6.1 
Event I I 11 6-11 
A b u r s t produced by an unaccompanied 
hadron i n t e r a c t e d i n l e a d , producing 
a b u r s t of size 966 p a r t i c l e s , measured 
i n s c i n t i l l a t o r C. 

PLATE 6.2 
Event H 145 - 4 
A b u r s t produced i n lead" which penetrated 
the i r o n , producing outputs from s c i n t i l l a t o r 
C and A. V/ith no shower accompaniment, the 
b u r s t size i n detectors C and A i s 2700 and 
2931 p a r t i c l e s r e s p e c t i v e l y . 
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7.3 L a t e r a l d i p i : r i b u t i o n o f hadrbns 
7.3.1 Method of measurement 
The l a t e r a l d i s t r i b u t i o n of hadrons i n the present experiment has 
been measured on the basis of the f o l l o w i n g d e s c r i p t i o n . 
I n a running time t , suppose N shower cores per u n i t area f a l l i n 
an annulus of width A r at distance r from the middle of detector M but 
only n showers spread over the whole annulus give a measureable hadron. 
A (>E,r,N e) = 1 iff 2 i f 1 hadron of energy >E detected f o r every shower of 
median size N e t h a t f a l l s i n the annulus. 
T o t a l number of showers t h a t f a l l i n the annulus = N2irrAr 
A$E,r,Ne) = 1. j n 
N2irrAr 
7.3.2 The size s-pectrura 
Since our chamber v.'as t r i g g e r e d by hadrons we could not moasvre tho 
shower size spectrum, therefore we have used the sea l e v e l number spectrum 
summarised by H i l l a s (1970) t o c a l c u l a t e tho absolute number of showers f a l l i n g 
on each r i n g round the centre. 
The a n a l y t i c a l representation summarised by the above mentioned author 
i s the f o l l o w i n g : 
N< 5.105 R 0 ( > N ) = 2.105 r 1 ' 5 n f 2 h r _ 1 s t " 1 
5.105 ^ N<3.107 R o ( > N ) = 1.42.loV2'0 n f 2 h r _ 1 s t _ 1 
N>3.107 R Q ( > N ) = 2.6.104 r 1 ' 5 n f 2 h r " 1 s t " 1 
To get t o t a l r a t e from v e r t i c a l i n t e n s i t y : 

PLATE 6.3 
Event II 171 - 3 
A hadron interacted i n i r o n 
producing a burst of size 
3540 pa r t i c l e s , measured i n 
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CHAPTER 7 
EXPERIMENTAL RESULTS ON CHARACTERISTICS 01? 
1IICII ENERGY IIADRONS IK i-Lv.. ..-.^IVE AIR SHOWERS 
7.1 Introduct ion 
The present accelerators are not capable to give information on 
parameters, characterising the c o l l i s i o n processes at very high energies. 
The observations obtained i n recent years reveal that the nature o f strong 
nuclear co l l i s ions may be subject to serious changes as the c o l l i s i o n energy 
increases. 
The study of E. A.S. extends the inves t iga t ion of the behaviour of 
nuclear co l l i s ions to very high energy. The experimental information 
obtained from the E.A.S. study i s f a r away from the point of f i r s t c o l l -
i s i o n . Accurate informat ion can be obtained i f a l l the processes occuring 
between the primary in t e rac t ion and the observation leve l are known i n 
d e t a i l . 
V/ith the development of f a s t d i g i t a l computers i t has been possible 
to feed in te rac t ion parameters to a model to calculate the predicted e f f ec t s 
on the various experimental quant i t i es , such as density d i s t r i b u t i o n , energy 
spectra, pa r t i c l e r a t i o s f o r d i f f e r e n t components, e tc . The construction 
of a shower model i s not easy since not a l l the processes involved i n the 
in te rac t ion are known. The e f f e c t due to the primary composition on the 
c o l l i s i o n character is t ics increases the d i f f i c u l t y i n E.A.S. studies. 
The major problems i n the relevent experiments are: the energy 
estimation of the primary pa r t i c l e s , core locat ion of the a i r showers accom-
paniment and the i d e n t i f i c a t i o n of the d i f f e r e n t components. Amongst the 
various created par t ic les i n the c o l l i s i o n the high energy hadrons, which 
const i tute the skeleton of the a i r shov/ers, and the high energy muons are more 
important due to the i r s e n s i t i v i t y to the primary composition and in te rac t ion 
behaviour i n the f i r s t few c o l l i s i o n s . 
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A knowledge of the l a t e r a l d i s t r i b u t i o n of energetic hadrons near 
the axis of the a i r shower i:> important, since i t enables one to get inform-
ation about some features of the d i s t r i b u t i o n of the transverse momenta of 
the hadrons received i n the c o l l i s i o n wi th a i r atomic n u c l e i . 
I n the present experiment the hadrons of energy S 300 Gev i n S.A.S. 
of size 5.10^ - 1.6.10^' have been studied using a flash-tube chamber, w i t h i n 
a c o l l e c t i n g area of radius 10m from the centre of i n s t a l l a t i o n . 
The apparatus was tr iggered by a hadron in te rac t ing i n e i ther the lead 
or i r on producing a burst of size>:400 p a r t i c l e s . Ths high voltage ;pulse to 
the f lash-tube chamber was -replied a f t e r 330 s. This long time delay (T^) 
was selected to enable the axis of the burst to be located. The t r i gge r ing 
requirement was unchanged throughout the experiment. Hie sensit ive time was 
2624.5 hours. 
The burst size was converted in to energy talcing the i n t e r ac t ing pa r t i c l e 
as pions. The uncertainty i n tho energy determination i s -50?£. The er ror i n 
core loca t ion i s about lm (a simulation has been car r ied out to estimate the 
er ror i n core loca t ion , assuming a Poissonian d i s t r i b u t i o n of standard devia-
t i o n 1 .2^n on sampling n pa r t i c les by H. Nejabat, pr ivate communication). 
7.2 The basic experimental resul t s 
The basic data i s shown i n table 9.2. I n the study of hadrons i n 
E. A. S. the running time was 2624.5 hours which i s less than the running time 
f o r measuring the hadron energy spectrum, since the a i r shower array was o f f 
f o r GO hours when the chamber was running. Table 7«-l shows the measured 
parameters of every ind iv idua l event. To convert the burst size to energy 
the in te rac t ing par t ic les were assumed to be pions. I n table 7.2 basic 
experimental data i s presented. 
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10.2 satur ated 
0 
4 400 4 .1xl0 5 1.9 180° 143.1 ei .2 40.2 - 0 
5 850 3.2x10'' 2.0 40° 96J. 69.6 342 . > 80 -
6 1000 5.6xl0 5 2.0 73° 140.2 95.0 59.5 > 80 9 
7 710 2.10 5 2.0 90° 56.4 34.2 25.4 > 80 0 
8 650 7.3xl0 4 1.2 115° 68.4 71.5 24.8 i> 80 -
9 330 7.5.10 4 1.7 115° 25.5 12.4 9.3 - A 
10 530 3.1.10 5 1.6 140° 68.4 31.1 24.9 > 80 -
11 400 1.7.10 5 2.0 182° 77.7 25.3 22.3 - 0 
12 355 4.3.10 5 1.3 173° 171.4 62.4 50.2 - 15.5 
13 350 3.4.10 5 1.0 220° 137.3 47.2 31.0 - 0 
14 700 2.2.10 5 1.0 265 90.2 31.0 18.7 > 80 4.6 
15 650 5.8.10 4 1.8 •240° 35-2 9.3 6.0 11.6 0 
16 700 2.2.10 5 1.0 265° 90.2 31.5 18.5 > 80 4 
17 800 5.6.10 4 2.2 290° 6.2 3.2 3.7 - 0 
18 1400 2.5.10 5 2.6 297° 140.1 46.6 28.1 - -
19 550 2.8.10 5 3.6 210° 140.6 62.1 25.3 > 80 4.6 
20 740 1.03.10 5 3.3 318 46.6 25.0 9.2 32.5 5 
21 450 3.7.10 5 2.05 335 130.3 68.3 31.4 - 0 
22 450 6.8.10 4 3.0 20 21.8 15.5 6.0 34.2 -
23 400 6.4.10 4 2.4 180° 22.2 16.0 - 48.2 5.6 
24 300 6.8.10 5 2.6 45° 176.8 132.6 67.8 > 80 — 
25 800 5.4.10 5 3.0 54° 140.4 109.0 56.1 — 0 
26 480 3.6.10 5 2.1 55° 146.3 99.5 56.2 53.1 0 
27 650 l . l x l O 5 2.2 60° 31.0 21.7 12.3 — 0 
28 300 2.6.10 5 2.2 73 74.6 49.8 31.1 — 0 
29 360 1.0.10 5 3.2 65° 62.0 49.7 28.7 12 0 
30 1850 5.7.10 5 2.7 75° 137.7 96.0 62.3 > 80 7 
31 350 6.1.10 4 4.0 107° 18.6 12.4 18.6 50 — 
32 300 5.5.10 4 3.8 115° 15.5 9.3 9.3 — 0 
33 1000 6.7xl0 4 4.0 120° 15.8 9.5 9.5 4 0 
34 1100 4.7xl0 5 3.0 140° 140.1 68.1 71.5 - -
35 650 1.3x10 4.0 142 352.0 169.5 190.0 > 8 0 -
36 1300 7.2.10 5 4.0 150° 186.6 81.2 102.6 > 80 
Event Iladron Shower Core Polar A 61 *12 A .. i -
A 62 
no. energy size d is tan . Co-or part part part part part 
(Gev) (pa r t i c l e s ) m dinate A> 2 K K /m 2 /m 2 
of core 
37 300 4.9.10 5 3.9 172° 168.0 59.3 71.7 - 7.7 
38 580 4.1.10 5 3.4 172° 143.2 50.0 53.5 48 9 
39 350 1.3.10 5 4.0 •1-7'° 
I7« 
46.6 15.5 18.6 17.7 0 
40 600 1.1.10 5 2.5 220° 68.4 3.1 12.4 80.6 0 
41 750 5.8.10 4 6.0 20° 15.5 7-7 12.6 - -
42 300 4.9.10 5 4.6 310° 209.0 107.6 38.6 > 80 -
43 700 4.6.10 5 4.3 330° 143.0 99-5 31.2 > 8 0 6 
44 700 3.3.10 5 4.8 197° 130.0 37.0 40.0 - 0 
45 400 7.0.10 4 4.3 172° 15.5 20.0 52.1 - -
46 1800 2.8.10 5 4.3 56° 16.2 16.0 9.0 - 0 
47 400 3.9.10 5 4.2 80° 86.1 68.0 49.7 - 6 
48 6/10 7.9.10 5 
* 
5.3 86° 186.6 155.0 130.3 - -
49 650 1.03.10 5.0 103° 217.7 155.5 155.5 > 8 0 -
50 400 2.07.10 5 5.5 110° 124.4 86.0 99.4 - -
51 3000. 1.6.10 b 4.5 128° 373.1 217.7 249.0 - -
52 800 4.2.10 5 5.8 130° 93.3 31.1 37.3 25.8 -
53 600 5.6.10 4 4.7 140° 18.7 9.3 12.4 - 0 
54 900 8 .4 . IO 5 5.7 157° 218.2 93.2 143.0 - -
55 750 4.8.10 5 4.3 170° 146.2 56.3 68.2 > 8 0 5 
56 650 2.9.10 5 4.3 176° 103.3 34.1 40.1 - 0 
57 1950 3.9.10 5 5.0 178° 140.2 47.0 62.2 - 0 
58 480 4.1.10 5 5.8 180° 143.0 46.6 68.4 - 0 
59 1400 4.1.10 5 5.3 185° 143.2 31.1 56.3 > 8 0 11.5 
60 640 3.3.10 5 4.8 197° 130.0 37.2 40.0 - 0 
61 500 2.1.10 5 5.3 215° 124.4 25.O 25.7 - 12 
62 500 5.6.10 4 5.C 220° 86.3 15.5 15.5 - 0 
63 430 1.6.10 5 5.5 238 177.2 18.6 15.5 — 9 
64 340 7.7.10 4 4.5 84° 15.5 12.4 9.3 - 0 
65 400 4.3.10 5 6.3 320° 146.2 124.0 28.2 > 8 0 — 
66 600 5.5.10 4 6.8 •310° 9.3 15.5 11.6 — — 
67 300 5.6.10 4 6.5 315° 9.6 16.0 11.2 _ _ 
68 740 6.3.10 4 6.1 38° 6.5 9.5 3-3 — 0 
69 700 4.3.10 5 6.8 78° 68.0 68.0 53.3 — 9.3 
70 300 1.3.10 5 7.0 80° 37.3 37.5 31.2 - 0 
71 500 4.3.10 5 6.8 88° 68.4 62.2 59.1 40.3 3.1 
72 1350 8.6.10 5 8.0 93° 137.0 124.0 62.2 — 0 

























A 6 2 
part 
/m-
74 330 7.7.10 5 6.3 120° 140.2 93.1 131.1 - 0 
75 1400 8.9.10 5 6.6 148° 180.6 93.3 164.8 > 80 -
76 300 1.8.10 5 7.8 150° 37.0 18.6 43.5 - -
77 300 7.10 5 7.3 158° 140.3 62.3 124.1 - -
78 1000 1.7.10 5 7.8 170° 37.3 15.5 31.3 48 -
79 1400 5.4.10 5 7.4 187° 140.2 21.8 37.3 >80 -
80 430 7.2.10 4 7.8 195° 21.7 6.0 9.4 - 0 
81 360 4.1.10 5 7.0 205° 143.0 37.3 46.6 - 0 
82 565 1.6.10 5 7.3 100° 65.3 15.5 18.6 > 80 0 
83 2000 3.8.10 5 8.0 210° 133.2 37.2 46.6 > 0 0 0 
84 1350 2.7.10 5 8.0 232° 132.1 28.3 24.9 - 0 
85 600 5.6.10 4 8.7 182° 15.5 9.3 10.1 - -
86 450 5.7.10 4 8.5 202° 16.0 I6.4 10.6 - -
87 700 5.9.10 4 8.0 190° 15.5 21.7 25.O - -
88 410 9.3.10 5 
1.0.10 6 
8.1 90° 130.6 124-5 130.2 50. G -
89 1850 8.0 108° 140.1 IO8.4 171.3 > 80 -
90 1100 5.8.10 5 9.0 124° 93.0 62.3 140.2 - 9.3 
91 600 2.0.10 5 9.8 166° 34.2 12.4 43.5 34.3 -
92 eoo 5.8.10 5 9.3 190° 133.1 43.5 84.1 - 6.2 
93 300 1.8.10 5 8.0 150° 37.3 18.6 43.5 - -
94 680 7.4.10 4 
1.0.10 6 
9.3 100° 155.4 49.7 93.2 > 8 0 0 
95 500 8.0 100° 168.2 140.2 168.3 - 17.7 
96 740 2.5.10 5 10 275° 137.3 46.6 21.7 — c 
Polar Coordinates of the cores are measured wi th respect to a l i n e j o i n i n g 
detectors M and C i n anticlockwise d i r e c t i o n . 
Running time (hours) 
Number of. events wi th a burst of size 
— 400 pa r t i c les observed under the lead 
or i r on and i n acceptance geometry 
Number of burst produced by an i n i t i a l 
i n t e rac t ion i n the lead or i r on 











Table 7.2 Basic experimental data. 
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R f t (>N) = It ( > N ) cos 9 Q m" 2 h r " 1 s t " 1 
therefore R^,(>N) =P ' 2 R 0 ( > N ) cos 0 2TT s in 0 d 0 
° « 
rn/2 
B j ^ H ) = / R ( > K ) cos 5 0.cos 0.2TX s in 0 d 6 
. 2 n / 
c o s _ 0 j 
R T (>N) = R Q (>N) 2 TT / cos 1 0 O.d(cos 0) 
11„ , cos 0 = 1 
3 
11 cos 0 = 0 
R ^ N ) = R Q ( > N ) ^ J L m - 2 to-l 
Figure 7.1 shows the graphical representation of the shower size spectrum used. 
7.3.3 The resul ts of the l a t e r a l d i s t r i b u t i o n o f hadrons 
I n the course of tho experiment 96 events wi th measurable shower size 
and hadron energy were col lected and analysed. The energy of the hadrons 
and the core distance of the accompaning 4i owers were determined. The resu l t 
i s shown i n f i gu re 7.2. This measurement can be represented as: 
^ ( > E , r ) = A exp(- -?- ) r o 
where r = 1 . 8 f o r a l l hadrons. o 
7.3*4 Comparison w i t h other experimental resul ts 
Nany experiments, carr ied out at d i f f e r e n t a l t i tudes have measured 
the l a t e r a l d i s t r ibu t ions of hadrons i n showers wi th d i f f e r e n t sizes (Kameda 
et a l 1965; Hasegawa et a l 1965; Matano et a l 1971; F r i t ze et a l 1969; 
Chatterjee et a l 1967; Eoehn et a l 1972; Miyake e t a l I969, and van staa 
et a l 1973). I n a l l those measurements an approximation was used f o r the 
r e l a t i o n between the density of hadrcnn and the core distance as f o l l o w s : 
A ^ O ^ r V - e x p C - r / r ^ . 
A comparison of present observation with some other data i s seen i n 
f igure 7.3 from th i s compij:ison i t can be concluded that the present obser-
vat ion i s consistant w i t h many measured l a t e r a l d i s t r i b u t i o n s . 
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Figure 7.1 "^ he sea l eve l number spectrum calculated from the summery 
of E i l l a s (1970) 





0 - 1 2 3 4 5 6 7- 8 9 10 11 12 
Core distance (m) 
Figure 7.2 The l a t e r a l d i s t r i b u t i o n of hadrono of energy >ii00 Gev 
i n showers of size 5 . 1 0 4 < H ^ 1.6.10^, i t can be represented 
a s : A . ; ~ A exp( ~f-r ) 










^ Kameda et a l . (19<S5), E H > 300 Gev 
i ; < 1.8.10° 
X Kiyake et a l . (1969), E f l > 400 Gev 
5.10 4s H< 5 . IO 6 
g Present observation 
E £300 Gev, 5.10^5 HS 1.6.10° 
• Van staa et a l (1973) 
E j j i 400 Gev, 5.1S log 5.5 
t i 
0 1 2 3 4 5 6 7 8 9 10 11 12 
Core distance (m) 
Figure 7.3 The comparison of the hadron l a t e r a l d i s t r i b u t i o n of present v/ork 
wi th other measurements. 
1 
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7 . 3 . 5 The energy dependence of the l a t e r a l d i s t r i b u t i o n 
Figure 7 . 4 shows the lateral , d i s t r ibu t ions of hadrons f o r two d i f f e r e n t 
energy thresholds . l t can be seen that f o r a given size group, the l a t e r a l 
d i s t r i bu t ions steepens wi th increase i n threshold energies. The character-
i s t i c length r Q measured i n th i s experiment i s compared w i t h the observation 
of Kameda e t a l 1 9 6 5 w i t h i n the s t a t i s t i c a l errors they seem to be compatible 
(f igure 7 . T ' v . The above mentioned authors have given an exp peresion f o r r Q 
as f ol lovr, : 
r = 2 . 4 N 0 - 5 2 E r 0 - 2 5 
o 
<5 
where E i s i n un i t s of 1 0 0 Gev, and M i n u n i t of 1 0 p a r t i c l e s . 
7 . 3 . 6 The shower size dependence of the l a t e r a l d i s t r i b u t i o n 
Figure 7 . 6 shows the l a t e r a l d i s t r i b u t i o n of hadrons of energy O 3 0 0 Gev) 
f o r showers of two d i f f e r e n t s i z es a weak e f f e c t i s seen on l a t e r a l d i s t r i b u t i o n 
such, as the shower size increases the l a t e r a l d i s t r i b u t i o n seems to f l a t t e n . 
This e f f e c t has been compared w i t h what Kameda et a l ( 1 9 6 5 ) observed. From 
Figure 7 . 7 i t can be seen that the two measured points are conpatible 
wi th the observations of Kameda e t a l . The f l a t t e n i n g of the l a t e r a l d i s t r i -
but ion of hadrons wi th increasing size of the shower has been reported i n a 
number of e a r l i e r experiments (Chatterjee e t a l , 1 9 6 8 > Hasegawa e t a l r 1 9 6 5 f 
Kiyalce e t a l , 1 9 6 9 and Kameda e t a l , 1 9 6 5 a t sea l e v e l ) . 
7 . 4 The va r i a t ion of the number of hadrons wi th shower size 
Since the l a t e r a l density d i s t r i b u t i o n of nuclear active pa r t i c les can 
be represented i n ' t h e form of e x p ( - r / r Q ) , the t o t a l number of nuclear active 
par t ic les of energy threshold .2 Cev w i l l be obtained as : 
- r / 
Assuming, A £>3,N,r) = B e / r ° 
The t o t a l number of hadronn of enerf.y> E i n a shower of size N i s calculated 
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Figure 7»5 Var ia t ion of r Q w i th hadron energy 
B50GeV 
iff i i i i i i i i t 0 1 2 3 4 5 6 7 8 9 10 
Core distance r(m) 
Figure 7.4 The dependence of the l a t e r s ! d i s t r i b u t i o n on.hadron energy 
t 
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• andx Kameda (1965) 
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Figure 7.7 Var ia t ion o f < r > v : i t h 
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g Present observation 
g Tanahashi (15S5), 2 - 100 Gev 




Shower size (N e) 
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107 
Figure 7.8 The tot;.;, nunbcr of hadrons as a f unc t i on of shower sise Ne, 
£ Tanahashi (1965), E - 100 Gev; • Kameda et a l (1963), 
E2100 Gev; ^present observation. To be comparable d i r e c t l y , 
the number of hadrons measured wi th threshold energy - 300 Gev 
has been m u l t i p l i e d by a f ac to r of 3, i t can be seen that the 
present observation i s consistant wi th the other measurements. 
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o - c o 
n ^ E . N ) = 2TTB J r e ^ dr 
o 
n ^ E . N ) . = 2TT B r Q 2 
Therefore the total, number of hadrons of energy>E Gev i s simply 
2 
obtained by the expression 2TtBr. . where B i s the ordinate of the l a t e r a l 
o ' 
d i s t r i b u t i o n curve at r = o. I n th i s experiment a l l data was divided into 
two groups. The r e s u l t i s shown i n f igure 7»8« 
7.5 Comparison with other experimental r e s u l t s 
A comparison of the present r e s u l t with the other observations i s 
shown i n f igure 7.8 and also a summary of the r e s u l t s made by d i f f e r e n t authors 
i s shown i n table 7,2. I n th i s table the exponent of s ize v a r i a t i o n and the 
t o t a l number of nuclear act ive p a r t i c l e s f o r tv/o d i f f eren t shower s i ze s at 
various a l t i tudes and d i f f eren t hadron detectors are compared. A b i g d i s -
crepancy i s seen i n the to ta l number of hadrons as a function of shower s i z e . 
The present r e s u l t i s i n agreement with the r e s u l t s of Kameda e t a l (l$)'65) 
Miyake et a l I969 at Mt. Norikura f o r a shower s ize of N e = l C r p a r t i c l e s . For 
t h i s s i ze the t o t a l number of hadrons of energy>100 Gev was found 7. 
Mult iply ing the t o t a l number of hadrons of energy;*500 Gev by a. f a c t o r 3 t h i s 
experiment gives almost the same r e s u l t s as above mentioned r e s u l t s . 
The r e s u l t s obtained by cloud chamber i s mora r e l i a b l e since the 
cloud chamber has a be t ter s p a t i a l resolut ion and the energy of ind iv idua l 
hadrons can be rather accurately determined by the method described by 
Vatcha et a l (1972), even when more than one hadron i s inc ident , which i s 
general ly the case with high energy hadrons close to the shower a x i s . 
Another important advantage of cloud chamber technique i s i t s wel l 
Table 7.? A survey of v: .r iat ipn of t o t a l number of hadrons with shov/er s ize 












s i ze 
level*, 
(s/cm ) 
v a r i a t i o n hold 
(Gev) 
1 50 625 1000 l . l - ' O . l Pukui et a l (1960) 100 
2 50 625 1000 1.1^0.1 Tanaka (I96I) 100 
3 9 110 1000 1.1 Tanahashi (1965) 100 
4 10 80 530 0.810.1 Hasegawa et a l (1966| 100 
5 105 650 800 0.78i0.05 Chatterjee e t a l 
(1967) 100 
6 7.2 72 1000 l .oio.i Kameda et a l (1966) 100 
7 10 100 A l l a l t i -
tudes 
1.0 N i k o l s k i ' s survey 
(1963) 100 
8 2 22 s / l i . i io.1 Present experiment 300 C-ev 
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defined geometry, only hadron c o l l i s i o n s v,*hich occur w e l l within the 
i l luminat ion region are considered. 
7.6 Theoret ical considerations 
Calculat ion has been c a r r i e d out by Kempa (1976) on some features of 
hadrons i n extensive a i r showers, i n th i s c a l c u l a t i o n a combination of the 
Monte Carlo and a n a l y t i c a l methods has been used. The result s of the c a l -
cu la t ion of the mean number of hadrons expected i n the v e r t i c a l d i rec t ion on 
the shower s ize i s seen i n f igure 7.9. For two m u l t i p l i c i t y laws and the 
threshold energy 100 Gev the r e l a t i o n between the t o t a l number of hadrons and 
the shower s i ze i s the same. For energy threshold l e s s than 100 Gev model 
V 2 ^/a 
n ^ 13 predicts the t o t a l number of hi drons more than the model n ~ E ' 4 s s 
but for energy threshold more than 100 Gev the s i tua t ion would be reverse . 
For shower s i z c s > 1 0 4 the v a r i a t i o n of the t o t a l number of hadrons with shower 
s ize can be expressed as : 
V > E T > ~ V 
A summary of the experimental measurements of the slope, oyiade by Kempa 
(1976) i s given i n table 7-3. 
Table 7.3 the experimental r e s u l t s of the estimation of the slope, a appearing 
i n r e l a t i o n H H ( > E T ) N g a (Kempa 1976) 
a A a shower s ize Hadron energy Author 
threshold (Gev) 
0,92 0.10 10 4 - 5.10 low energy hadrons Boehm et a l 
1.00 0.15 4.10 4 - 5.10 6 100 Kameda e t a l 
0.73 0.20 5.10 4 - 5.10 6 500 Hiyake et a l 
Vedeneev e t a l 1.0 0.1 10 5 - 5.10 5 600 
1.0 lO-' - 10 800 F r i t z e et a l 
1.3 2.10 4 - 5.10 6 1700 Matano e t a l 
0.92 ) 50 ) 
0.96 ) 5.10 4 _ 3.10 6 100 ) 
. Vatcha 
0.92 ) 200 ) 
1.03 ) 4400 ) 
• w y 2 3 6 9 10 10 ill 
Figure 7.9 The mean number of hadrons as a function of shower 
s ize f o r four hadron energy thresholds. P u l l l i n e , model, 
n. 
l / 2 1 / A 
~ E ' broken l i n e s : n o - * E ' ^ (Kempa 1976) 




' * i i • 11 M i l l 0 J_l I 
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sent measurement ( j ) and the Figure 7.10 The comparison of the pre y ) 
ca lcu la t ion of Kempa (1976), s o l i d l i n e . 
To compare the tota l number of hadrons measured has been 
mult ip l ied by a fac tor of 3 because of the; energy threshold 
300 Gev. . fa a haJfOA eneyy Iheihe&Z ef dlorf ho6-tt/ 
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The slope ca lculated "by Kerapa i s close to un i ty , that i s consistent 
with the experimental values . A comparison between the theory (Kerapa) and 
the resu l t s obtained by t h i s experiment i s shown f igure 6.10. To compare^ the 
t o t a l numbnr of hadrons of energy> 300 Gev observed i n the present experiment 
was mult ip l ied by a factor of 3. I t can be seen that within the s t a t i s t i c a l 
e r r o r the r e s u l t s of the present work can be compatible with the r e s u l t s of 
the ca lcu la t ion of Kempa. 
Greider (1970) has ca lculated the number of hadrons f o r 10^ Gev 
simulations. The r e s u l t of the- ca lcu la t ion i s recorded i n table 7.4. 
E > 1 0 Gev E>100 Gev Run No. 
NAP NAP S0910 
30 4.5 09 
36 7.5 29 
80 15 31 
100 20 33 
70 10 39 
75 15 41 
90 32 43 
90 16 49 
60 14 51 
102 18 53 
Table 7.4 10 Gev simulations, absolute number 
of NAP's per shower. 
7.7 I n t e r a a l energy spectrum of hadrons i n E . A . S . 
The in tegra l energy spectrum of detected hadrons of onergj2:300 Gev 
in showers of s ize 5.10^ - 1.6.10^ p a r t i c l e s i s given i n f igure 7.11. I t 
can be seen that the slope of the spectrum from 300 Gev to about 1000 Gev 
i s almost constant, *Y = 1-0.1. As the energy increases the slope a lso grad-
u a l l y increases . 
The data was s p l i t into two parts f o r two d i f f e r e n t shower s i z e s and 
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Figure 7.11 The i n t e g r a l energy spectrum of hadrons of 
i 
v i t h a mean of 4.10 3 p a r t i c l e s . 
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bution of bursts produced i n lead and iron i n f igure 7.13 the angular d i s -
t r ibut ion of bursts i n shown. Pigaare 7 .14 the i n t e g r a l energy 
spectrum for d i f f e r e n t shower s i z e s i s shown. 
7.0 Convparison with other experimental r e s u l t s 
The in tegra l energy spectra of hadrons have been measured i n many 
experiments at d i f f eren t a l t i t u d e s . 
a comparison of the in tegra l energy spectrum i s made i n table 7.5 
I n t h i s table the exponents of the energy spectra of d i f f e r e n t workers are 
compared for d i f f e r e n t observation l e v e l and various techniques f o r energy 
est imation. The present r e s u l t i s compatible with most of the r e s u l t s i n 
the table . From th i s comparison i t w i l l be understood that the exponent of 
3 
the energy spectrum i s almost constant up to energy about 10 Gev and then 
gradually increases with increas ing energy. There are some di f ferences i n 
the exponent of the energy spectrum which can be a t tr ibuted to d i f f e r e n t 
energy threshold and various techniques involved. Apart from a few measure-
ments the energy spectrum i s almost independent of shower s i z e . I t i s 
neccessary to note the c h a r a c t e r i s t i c shape of the in tegra l energy spe'ctra 
of hadrons and the f a c t that t h i s shape cannot be f i t t e d to a negative 
pov/er law of the same exponent over a wide range of hadron energies. Table 
7.6 shows the re su l t s of the simulation c a r r i e d out by Grieder (1970). I t 
i s seen that as the hadron energy increases the I n t e g r a , energy spectrum 
exponent also increases , consistant with observations. 
Table 7.6 10^ Gev simulation, slope of energy spectra of hadrons at sea l e v e l . 
Slo;;e of hadron energy spectra 
a t : Model S0910 
10 Gev 100 Gev 1000 Gev. 
0.95 0.95 2.18 SFB 09 
0.54 1.08 1.78 IDFB 29 
0.78 0.95 1.42 IDFB 31 
0.72 0.96 1.26 IBFB 33 
1.23 0.78 0.96 SFB 3 
Table 7.5 A survey of the measurements on hadron energy spectrum I n E . A . S . 
no. Slope of the 
integra l energy 
spectrum 
observation 





800 g/cm Chatterjee et a l (1967) 
2 -1 .5± .2 S / L Baruch et a l (1975) E 1000 Gev 
3 l.oi'o.i 1000 g/cm 2 Tanaka (I96I) E = 100-1000 Gev 
4 2.1-.2 S / L Matano et a l (1969) E 1700 Gev 
5 l .oio. i 1000 g/cm 2 Fukui et a l (1960) E = 100=1000 Gov 
6 0.75±o.l 1000 g/cm 2 Kameda et a l (1966) E 100 Gev 
7 1 1000 g / c i / Tanahashi (1965) E = 100-1000 Gev 
8 l .oio. i a l l a l t i tude 
combined 
N i k o l s k i ' s survey (1963) 
E = 100-1000 Gev 
9 0.9^.1 530 g/cm Hasegawa et a l (1966) 
10 l . o i . i S / L Present experiment 
300 Gev^ E h < 1000 Gev 
11 1.7-.2 S / L Present work S h > 1000 Gev 
12 1.2 S / L Goryvnov e t a l E 500-5000 Gev 
13 .8.3^0.10 S / L Tanaka & Naranan E = 100-1000 Gev 
14 1.1^0.3 S / L Vernov e t a l E = 500-1000 
in co 
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Figure 7.14 The in tegra l energy spectrum of hsdrons of energy 
- 3 C 0 Gev in tv/o shower c i ze groups: 
5 . 1 0 4 ^ r.e* 3 .10 5 f >.10 5< H e ^ 1.^.10 5_ 
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Slope of h;:dron energy spectra Run Ho. 
a t : Model S0910 
10 Gev 100 Gev 1000 Gev. 
0.70 1.00 1.05 IDFB 41 
0.45 0.70 1.60 NOFB 43 
0.60 1.04 1.93 IDFB 49 
0.70 0.73 1.98 IDFB 51 
0.81 0.90 1.12 IDFB 53 
7.9 Discussion end conclusion 
The experimental resu l t s i n th is chapter on high energy hadrons can 
he suranarized as fo l lows: 
i ) the l a t e r a l density d i s t r ibut ion r.tcepens with increas ing 
hadron energy 
i i ) there i n a tendency for the l a t e r a l density d i s t r i b u t i o n to 
f l a t t e n with increas ing shower s ize 
i i i ) the energy spectrum of hadrons i n the energy range 300-1000 
Gev has an exponent Y = 1-0.1, the slope gradually increases 
with increas ing h?.dron energy 
i v ) the var ia t ion of the to ta l number of hadrons K ^ ( > E ) as a 
function of shov.er s ize N rcy be ret>resentod as 
e 
K „ ( > E ) = 3 IT 
where y i s alx)ut 1.(£-0.1 
PLATE 7.1 
Event H 118 - 30 
A hadron interacted i n l ead , producing 
a burst that i s penetrated i n i ron , the 
burst s ize in 3ead = ^2/i p a r t i c l e s and 
i n i ron 955 p a r t i c l e s , i t i s also acc-
5 
ompanied by a shower of s i z e 9.3.10 
p a r t i c l e s , the shower core has f a l l e n i n 




Event II 145 - 12 
An interact ion i n lead, 
penetrated i n i ron , the 
burst s ize i n lead 3700 
p a r t i c l e s , ar;r;oci.i,.ted with an 
extensive a i r showers with a 
c 




DEPENDENCE OF TIE MEAN TRANSVERSE MOMENTUM 
OP SECONDARY PARTICLES ON COLLISION ENERGY 
8 . 1 I n t r o d u c t i o n 
One o f the most impor tan t h i g h energy nuc lea r i n t e r a c t i o n parameter 
i s the mean t ransverse momentum o f the produced p a r t i c l e s i n nuc l ea r c o l l -
i s i o n . I t has been a ques t ion i n h igh energy phys i c s , whether t h i s pa ra -
meter remains r a t h e r constant o r r i s e s as the energy o f the c o l l i d i n g 
p a r t i c l e increases . I n f a c t the idea t h a t the mean transverse momentum o f 
secondary p a r t i c l e s i n nuc lear i n t e r a c t i o n s i s almost independent o f the 
c o l l i s i o n energy w i t h a s l i g h t increase v.-ith energy was o r i g i n a t e d by 
Nishimura i n 1956, a f t e r a comparison o f a cce l e r a to r da ta and cosmic r a y 
experiments a t energies around 1000 Oev. This i nva r i ance has been one o f 
the most f r u i t f u l concepts i n h i g h energy p h y s i c s . 
The observable q u a n t i t i e s t h a t are i n f l u e n c e d by the t ransverse 
momentum i n extens ive a i r shov/ers are as f o l l o w s : 
i ) The l a t e r a l d i s t r i b u t i o n o f h i g h energy hadrons i n shower cores 
i i ) The muon l a t e r a l d i s t r i b u t i o n 
i i i ) The core s t r u c t u r e o f the e lec t romagnet ic component. 
The problem cf t ransverse momenta can be approached by measuring 
d i r e c t l y the s p a t i a l d i s t r i b u t i o n o f v e r y h i g h energy p a r t i c l e s i n shower 
cores . Another way i s i n v e s t i g a t i n g the m u l t i - c o r e showers. I f the e l e c t r o n 
d i s t r i b u t i o n shows a m u l t i c o r e s t r u c t u r e one can est imate the energy con ten t 
o f the subcores, the d is tance of the subcore t o the main core and the p r o -
d u c t i o n h e i g h t and c r u d e l y de r ive transverse momenta necessary t o account 
f o r the observed separa t ions . This measurement can be made assuming t h a t 
the observed subcores are no t due t o po issonian d e n s i t y f l u c t u a t i o n s , o r 
t o n o n - u n i f o r m i t i e s o f the de t ec to r a r r a y , or t o l o c a l hadronic i n t e r a c t i o n s 
i n the d e t e c t o r s . 
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8.2 De te rmina t ion o f t ransverse momentum, P T i n i n d i v i d u a l cases 
I f the energy of the hadrons and the d is tance between the hadrons 
and shower cores i s es t imated p r o v i d i n g the hadrons are produced a t a 
f i x e d h e i g h t , the t ransverse momentum i s determined as: 
? T 
h . c 
Where E^ i s the hadron energy, r the dis tance o f the hadron to the shower 
core and h the p r o d u c t i o n h e i g h t , assxmiing t h a t t h e i r parents are c lose t o 
the ax i s o f the shower. I f the p r o d u c t i o n h e i g h t i s independent o f the 
hadron energy, the value E ^ . r r e f l e c t s the t ransverse momentum. I n t h i s 
experiment v a r i a t i o n o f E ^ . r w i t h mean hadron energy and shower s ize ( o r 
pr imary energy) have been i n v e s t i g a t e d . The energy o f the hadrons were 
es t imated u s i n g the c a l c u l a t e d b u r s t s ize-energy r e l a t i o n , discussed i n 
chapter % and the shower cores were determined b y the method exp la ined i n 
chapter 6 
8.3 Shower s ize-energy convers ion 
The v a r i a t i o n s o f the t o t a l number o f e l e c t rons ( N g ) w i t h p r imary 
energy E f o r showers i n the near v e r t i c a l d i r e c t i o n has been c a l c u l a t e d 
P 
by Kempa (1976) f o r p r imary pro tons and d i f f e r e n t models the r e s u l t o f the 
1 / / 
c a l c u l a t i o n f o r the model n ~ E ' and sea l e v e l i s shown i n f i g u r e 8 . 1 . 
s 
This p l o t was used to conver t the shower s i ze i n t o pr imary energy. 
The minimum o f the r a t i o E / N f o r showers a t maximum was es t imated as f o l l o w s : 
o' e 
E Q / N e = 2 G e v / p a r t i c l e s 
8.4 A summary o f measurements o f h i f d i t ransverse momenta 
8 . 4 . 1 Oda and Tanaka (1962) 
Oda and Tanaka s t u d i e d the h i g h energy hadronic component i n ex tens ive 
2 
a i r showers u s i n g a neon hodoscope o f area 7 m and an a r ray of g lass f r o n t e d 
2 
spark chambers o f area 20 m a t sea l e v e l . This experiment p r i m a r i l y was 
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arranged to s tudy the d e t a i l e d d i s t r i b u t i o n o f the e l e c t r o n i c component 
i n ex tens ive a i r shower cores . They found the t o t a l number o f e l e c t rons 
and muons i n the showers by the use o f a considerable a r ray o f t h e i r d e t e c t o r s . 
They were also able to s tudy the h i g h energy hadrons. They found 14 
5 
events i n the showers o f s i z e > 1 0 p a r t i c l e s w i t h t ransverse momentum between 
5 t o 50 Gev/c. The i r i n t e g r a l d i s t r i b u t i o n c o u l d be represented by a power 
law o f exponent - 1 . 7 - 0 . 2 . 
8 .4.2 Miyake e t a l (1965) 
This group used a two c l o s e l y packed ' layers o f s c i n t i l l a t o r s sep-
2 
ara ted by 2m o f water p lus a more w i d e l y spread a r ray o f 100 0 .25 m 
s c i n t i l l a t o r s . They r epo r t ed h i g h t ransverse momenta o f the sub-cores 
rang ing up t o severa l tens o f Gev/c. 
8.4.5 Bakich e t a l (1969) 
The Sydney group has i n v e s t i g a t e d the occurrence o f h i g h t ransverse 
momenta i n a i r showers o f pr imary energy g r e a t e r than l O ^ e v , u s i n g 64 
s c i n t i l l a t o r a r r a y . For any m u l t i p l e cored shower an es t imate o f the t r a n s -
verse momentum has been ob ta ined by de t e rmin ing the subcore separa t ion and 
e s t i m a t i n g the energy and the h e i g h t o f p r o d u c t i o n o f the cascade f r o m t h e i r 
age and number o f p a r t i c l e s w i t h i n a c e r t a i n d is tance f r o m the a x i s . The 
cascades were assumed t o be near maximum o f t h e i r development. The energy 
and p roduc t ion h e i g h t o f cascades were determined u s i n g e l e c t r o n - p h o t o n 
cascade theo ry . The t ransverse momentum es t imated f r o m , = rfj/n« Vie 
r e s u l t s i s shown i n f i g u r e 8 .2a and 8.2b. They have also proved t h a t the 
m u l t i p l e core s t r u c t u r e observed cannot be a t t r i b u t e d t o f l u c t u a t i o n s i n the 
s c i n t i l l a t o r response o r t o i n s t r u m e n t a l e r r o r s . From t h e i r r e s u l t s i t can 
be understood t h a t the mean t ransverse momentum increases v / i th shower s ize 
and the re fo re v / i th mean c o l l i s i o n energy. 
C.4.4 Sreekantan (1971) 
The Braz i l - J apan Emulsion Chamber c o l l a b o r a t i o n ob ta ined the r e s u l t s 
(U 
t h a t the mean t ransverse momentum rece ived by the p a r t i c l e s produced i n 
nuc lear c o l l i s i o n s o f the p r imary energy above lO^^ev i s s i g n i f i c a n t l y 
12 
grea t e r than f o r i n t e r a c t i o n s a t 10 ev . They a lso concluded t h a t the 
cross s e c t i o n f o r the p r o d u c t i o n o f t ransverse momenta o f > 2 Gev/c a t 
10^ Gev i s s i g n i f i c a n t and throughout the range 10*^ t o l O ^ e v "both the 
mean t ransverse momentum and the cross s e c t i o n f o r the p roduc t ion o f h i g h 
i s i n c r e a s i n g . Figure 8.3 shows the increase i n t ransverse momentum 
f o r tho h ighe r energy (SH) events . 
8.4.5 Pake e t a l (1975') 
This group used an emulsion chamber o f 6 .4 m , 6 cms Pb» hav ing 5 
s e n s i t i v e l a y e r s . They also had f i f t y - f i v e spark chamber, 0.5 x 0.5 x 0.07 
and underneath o f the emulsion chamber 26 s c i n t i l l a t o r s each 0.5 x 0.5 x 0.03 m^. 
The shower d i r e c t i o n was determined by two spark chambers p laced v e r t i c a l l y 
w i t h t h e i r axes a t r i g h t angle . At a d is tance o f 65-10 cms f r o m the main 
core o f a shower they found a Y - r a y f a m i l y o f £ y = 16 .4 Tev i n the emulsion 
chamber. The p r o d u c t i o n h e i g h t and the energy o f the f t ° were c a l c u l a t e d . 
s 
On the assumption o f f [ ° was produced i n the axes o f the shower the minimum 
value o f the t ransverse momentum was 17-4 Gev/c. 
8.4.6. Miyake e t a l (1969^ 
This group has s t u d i e d hadrons cf energy^200 Gev i n S.A.S. o f s ize 
5 6 
3.10 - 10 p a r t i c l e s u s i n g 26 s c i n t i l l a t i o n counters and a m u l t i p l a t e c l o u d 
chamber o f 1.3 x 2 .0 x 0.7 m^. They have seen a dependence o f the l a t e r a l 
d e n s i t y d i s t r i b u t i o n o f hadrons w i t h shower s ize i n the f o r m o f 
r ~ N 0 ' 1 6 
o e 
Where r i s the r e c i p r o c a l o f the l a t e r a l d i s t r i b u t i o n and N i s the shower o e 
s i z e . 
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Figure 8.2b A p l o t o f the q u a n t i t y r P L i n Gev/c f o r a l l m u l t i c o r e d 
showers w i t h N > 1 0 observed i n the sydney 6 / U s c i n t i l l a t o r 
experiment toge ther w i t h a random s e l e c t i o n of n u l t i c o r e d 
showers f r o m the same experiment w i t h N< 10 p a r t i c l e s . 
15 
The s o l i d c i r c l e s are f o r s imula t ed showers u s i n g 10 - e v 
copper p r imar i e s and a mean t ransverse momentum of 0.5 Gev/c 
(MoCusker e t a l I969) 
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the energy o f the hadrons, the t ransverse momentum, Pj . , c a l c u l a t e d f r o m 
the e q u a t i o n : 
increases v / i t h the energy, s ince r Q i s a s l o w l y decreas ing f u n c t i o n o f 
hadron energy E ^ : 
s i m i l a r l y the value o f P^ increases w i t h the s ize o f E . A . S . f o r f i x e d EJJ 
and f o r assumed p roduc t i on he igh t due t o the 3?e-l-at-ing o f r Q and N g , 
On the ba s i s o f the above e s t i m a t i o n s , P^ seems t o be much h i g h e r when compared 
w i t h the low energy r e g i o n , 0 .4 Gev/c, and s t i l l increases w i t h energy of the 
hadron and w i t h the accompanying shower s i z e . 
8.4.7 Ne-sLwrovd. e t a l (1975) 
The Tian-shan group used an i o n i s a t i o n c a l o r i m e t e r o f area 36 m and 
2 
depth 1440 g/cm . The shower core was f o u n d by a l a y e r o f 64 s c i n t i l l a t o r s 
l o c a t e d above the c a l o r i m e t e r . The a r r i v a l d i r e c t i o n was also determined. 
The p o s i t i o n o f the h i g h energy hadrons v / i t h respect t o the shower core was 
determined. The energy o f the hadrons was es t imated by the c a l o r i m e t e r . The 
value E ^ . i f could be measured, knowing the p roduc t ion h e i g h t , P T c o u l d be found 
c 
by equa t ion E^ .^ = P^.h.fT. They also considered events w i t h more than one 
hadrons and measured the d is tance r o f two hadrons and ob ta ined the q u a n t i t y 
By the f i r s t method they found t h a t 5% o f the events v / i th shower s i z e ^ l O ^ 
p a r t i c l e s a t the observa t ion l e v e l o f 3.3 Km above sea l e v e l had va lues o f 
P ip .h>2 .10^ Gev/c .m. For 190 m u l t i hadron events the second method gave 15 
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b i g g e r and b i g g e r i n s ize the values o f Pj^h also f o l l o w t h i s inc rease . 
A s tudy o f the cascade r e s u l t i n g f rom the n e u t r a l p ions produced g ives 
an es t imate o f the mean h e i g h t o f p roduc t io r i< h > , equa l t o 0 .6^0 :1 krns^  
t h e r e f o r e the mean t ransverse momentum v/as ob ta ined t o be 
< P T > = 15- 3 Gev/C 
8.4 .8 Hazen e t a l (1975) 
Th i s group found s i x showers which had two cores i n t h e i r c l o u d 
chamber and a number o f more compl ica ted events . T h e i r h ighes t t ransverse 
momentum was about 70 Gev/c. 
8 .4 .9 Matano e t a l (1975) 
This group have observed h i g h energy hadrons and m u l t i p l e cores o f 
S.A.S. w i t h emulsion chambers i n s t a l l e d i n the a i r shower a r ray and w i t h the 
2 
20 m spark chamber i n the a r r a y . They have determined t ransverse momentum 
f o r each event w i t h respect t o the a i r shower a x i s . The average energies o f 
hadrons and subcores are 9 Tev and 5 Tev r e s p e c t i v e l y . The subcores have 
been analysed to determine the i n i t i a t i n g h e i g h t and the energy i n the same 
way as the INS group u s i n ^ the p a r t i c l e d i s t r i b u t i o n near the centre o f the 
subcore and the c a l c u l a t i o n o f Nishimura and K i d d . They have f o u n d 13 
s i n g l e hadrons associa ted w i t h E.A.S, w i t h energy above 3.3 Tev. hav ing an 
average energy 9 Tev. The transverse momentum f o r each hadron has been 
determined w i t h respect t o the ax is o f S.A.S. The t ransverse momentum o f 
the subcores, observed w i t h the spark chamber i s a lso determined. They have 
compared t h e i r r e s u l t s o f i n t e g r a l spec t r a ° f P T obta ined by i n v e s t i g a t i o n o f 
hadronic component and subcoras and compared w i t h a cce l e r a to r r e s u l t s . They 
concluded t h a t the average P T increases and the spectrum o f P ,^ becomes f l a t t e r 
w i t h the energy o f i n t e r a c t i n g p a r t i c l e s . 
8 .4 .10 A s e i k i n e t a l (1975) 
The hadronic component o f ex tens ive a i r showers has been i n v e s t i g a t e d 
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Figure 8.5 The dependence o f the E . r on hadron energy 
( A s e i k i n e t a l 1975) 
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u s i n g tV'.r: Tian-shan complex i n s t a l l a t i o n o f P .N. Lebedev physics i n s t i t u t e 
u s i n g tho i o n i s a t i o n c a l o r i m e t e r . The shower parameters were ob ta ined by 
an a r r ay o f s c i n t i l l a t i o n and G.M. Counters. Nea r ly 1600 showers o f s i ze 
N g 2 1.6.10 were analysed. The dis tance f r o m the centre o f i n s t a l l a t i o n 
to the ax is o f E.A.S. r i s < 3.0m. 
The value y = E ^ . r was determined. Here i s the hadron energy 
and r i s the d is tance between the hadron and the shower a x i s . The dependence 
o f y = E ^ . r on the mean energy o f hadrons was ob ta ined . This dependence i s 
shown i n f i g u r e 8 .5- I t al no obta ined the dependence o f y = E^ . r o n Slower 
s i z e , f i g u r e 8 . 4 . I t can be seen t h a t as the shower s i ze or mean hadron 
energy increases the value y = E^ . r a l so increases on the ground o f t h e i r 
r e s u l t s and the comparison to o the r r e s u l t s , they concluded the f o l l o w i n g 
hypo thes i s . The mean t ransverse momentum o f nuc lea r i n t e r a c t i o n s i s constant 
to some energy of c o l l i s i o n and i t s value i s < P ^ . > = 0.3 - 0 .4 Gev/c. Then 
the medium v a l u e < P ^ > increases s i g n i f i c a n t l y w i t h i n c r e a s i n g energy o f 
i n t e r a c t i o n . The t h r e sho ld energy may be about 100 Tev. 
8 .4.11 Nesterova e t a l (197*5) 
The energy o f hadrons, and the d is tance between the hadrons and 
the shower core A r , a lso between severa l hadrons i n the same shower were 
i 
\ on measured by the i o n i z a t i o n ca lo r ime te r and s c i n t i l l a t o r counters i n showers 
w i t h N g 2 10^ p a r t i c l e s a t 3340 m above sea l e v e l . The d i s t r i b u t i o n o f S^.A r 
was ob ta ined . The comparison o f exper imental r e s u l t s v / i t h c a l c u l a t i o n shows 
the exis tence o f anomalous transverse momenta i n the i n t e r a c t i o n o f hadrons a t 
15 
the energy E ^ S I O ev. 
8 .4.12 Vatcha e t a l (1975) 
2 
Vatchaand Sreekantan u s i n g a 2m m u l t i p l a t e c l o u d chamber a t the centre 
2 
o f TIPR a i r shower a t Ooty (800 gms/cm ) , s t u d i e d the p r o p e r t i e s o f h i g h energy 
hadrons o f energy 2*5.10^®- l O ^ e v . They have i n t e r p r e t e d t h e i r observat ions 
74 
i n terms o f c o l l i s o n c h a r a c t e r i s t i c s a t u l t r a h i g h energies a need f o r 
12 
d r a s t i c changes i n the c o l l i s i o n c h a r a c t e r i s t i c s a t energ ies>10 ev . 
They concluded t h e i r e x p e r i m e n t a l l y obta ined d i s t r i b u t i o n o f the q u a n t i t y 
y = E . r i s n o t c o n s i s t e n t w i t h the mean t ransverse momentum o f ^ 0.5 Gev/c, 
bu t r e q u i r e s < P T > 2 Gev/c. They c l a i m i f t h e i r energy est imate of. h i g h 
energy hadrons i s lower by a f a c t o r o f 5» which may seem to e x p l a i n the 
discrepancy i n absolute numbers w i t h the obse rva t ion o f o t h e r s , then the 
mean t ransverse momentum< P r^> r e q u i r e d would be 10 Gev/c. 
8 .5 Result s o f the present experiment 
The experiment was i n o p e r a t i o n f r o m May, 1975 "to February 1976. 
The s e n s i t i v e time was 2624 hours , d u r i n g t h i s p e r i o d 96 hadrons o f energy 
^ 3 0 0 Gev associa ted w i t h shower i n the s i ze range 5.10^- 1.6.10^ have been 
analysed. The arrangement o f the experiment i s exp la ined i n chapter 6. 
The t r i g g e r i n g requirement was the i n t e r a c t i o n o f hadrons e i t h e r i n l e a d 
o r i n i r o n producing a b u r s t w i t h the s ize more than o r equal t o 400 p a r t i c l e s , 
s imul taneous ly we were able t o sample the e l e c t r o n d e n s i t y o f the associated, 
shower. 
Figure 8.6 shows the f requency d i s t r i b u t i o n of the value E . r . I n t h i s 
f i g u r e i s a lso shown the a n a l y t i c a l d i s t r i b u t i o n o f E . r , deduced f r o m O.K.P. 
model. 
I n Figure 8.7e..and 8.7b the data has been s p l i t i n t o two d i f f e r e n t shower 
size groups, hadron energies and the d i s t r i b u t i o n f o r each group has been ob-
t a i n e d , i t can be seen t h a t f o r l a r g e r showers and h i g h e r hadron energy the 
mean o f the d i s t r i b u t i o n s are s h i f t e d to the r i g h t . I n f i g u r e 8.8 and 8 .9 
the i n t e g r a l d i s t r i b u t i o n o f E . r i s shown. F igure 8.10 shows the l o c a t i o n o f 
the showers w i t h i n 10 meters f r o m the cent re o f the i n s t a l l a t i o n . 
I n f i g u r e 8.11 the dependence o f the mean hadron energy on shower 
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range and two d i f f e r e n t mean shower s i z e assoc iated . 
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Figure 8 . i i Energy (GcV) 
The dependence of shower s i z e on average hadron energy* 
The dots represent indiv idual measurements and the crosses are 
average va lues . The average behaviour can be represented 
by N = AE* Where a = 1.4, with E in Gev. 
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Figure 8.12 shows the dependence o f E . r on hadron energy. 
The dependence o f E . r on shower s ize can be seen i n f i g u r e 8.13. 
Figure 8.14 shows the shaver s ize f r equency d i s t r i b u t i o n o f showers 
associa ted w i t h 96 ene rge t i c hadrons. 
8.6 Comparison w i t h o t h e r r e s u l t s 
The r e s u l t s o f t h i s experiment i s compared w i t h McCusker e t a l 
(1969) observat ions (ob t a ined f r o m the i n v e s t i g a t i o n o f the core s t r u c t u r e 
o f e lec t romagnet ic component) iBakich e t a l (1969), Vatcha e t a l , ,1973 ( t h e i r 
i n f o r m a t i o n came f r o m the obse rva t ion o f h i g h energy hadrons) and A s e i k i n e t 
al(1975;who measured energe t i c hadrons i n a i r showers. Cur r e s u l t s are 
compatible w i t h these workers , see f i g u r e g.15. The v a r i a t i o n o f the mean 
t ransverse momentum w i t h p r imary energy i s shown i n Figure 8.16, (ijl ^ ) ' 
t o conver t shower s ize t o p r imary energy the c a l c u l a t i o n made by Kempa 1976 
has been used, ( f i g u r e 8 . l ) , $ ob ta ined by normalys ing t o the measurement 
made by McCusker | f 1969. Taking the p r o d u c t i o n h e i g h t 1 Kin. (120 g /cm", 
the mean f r e e path f o r p ions ) above the detector^ p o i n t •, ^ haat been ob t a ined . 
The present measurement has been compared w i t h the measurements made 
f o r lower p r imary energ ies . I t can be seen t h a t f r o m the p r imary energy 
10^ Gev the mean t ransverse momentum d r a s t i c a l l y increases as the energy 
inc reases . The sources o f the p o i n t s 1, 2, 3, 4» 5> 6 i s shown i n the 
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Figure 8.12 Energy (GeV) 
The dependence of E . r on average hadron energy. 
The dots represent ind iv idua l measurements and the crosses are 
average values of E . r over the range of energy indicated by arrows. 
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The average behaviour can be represented by E . r = AE wherep<= 1.1 
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Figure 8J5 Shower size Ne 
The comparison of E . r versus shower s i ze of the r e s u l t s of three d i f f e r e n t groups 
w i t h present r e s u l t s . 
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8,7 Summary and Conclusion 
The behaviour o f 96 h i g h energy hadrons E^300 Gev associated w i t h 
4 6 
" . i l S . i n the s ize range 4,10 - 1.6.10 p a r t i c l e s have "been i n v e s t i g a t e d . 
The r e s u l t i s compared w i t h o the r s , f i g u r e s 8.15 and 6.16. On the ground 
o f the present obse rva t ion and the r e a i l t s o f o the r v o r k e r s , i t can be con-
cluded t h a t the mean t ransverse momentum of secondaries produced i n n u c l e a r 
i n t e r a c t i o n s increases s l o w l y t o some c o l l i s i o n energy. Then the mean 
value o f t ransverse momentum increases d r a s t i c a l l y w i t h i n c r e a s i n g the 
pr imary energy. Utie t h r e s h o l d energy f o r t h i s phenomenon may be about 
5.10 4 Gev. 
PLATE 8 . 1 
Event H 117 - 61 
An event w i t h two secondaries 
r e c e i v i n g l a r g e t ransverse momentum 
a f t e r the c o l l i s i o n , the i n t e r a c t i o n 
i s i n ]e ad, the "bursts have pene t ra ted 






\ \ \ 




R = 10 
N = 1.14.106 
PLATE 8.2 Burs t s ize = 5063 
Event H 116 - J8 
A hadron v / i t h l a rge t ransverse momentum 
i n t e r a c t e d i n le ad producing a b u r s t o f 
s ize = 5063 p a r t i c l e s associa ted w i t h an 
extensive a i r shower o f s ize 1.14.10^ 
p a r t i c l e s . 

R = 8.2 
N = 1.106 
PLATE 8.3 B u r B t S i Z S = 2 4 5 0 
Event I I 110 - 3 
An event r e c e i v i n g l a r g e t ransverse 
momentum. The hadron has i n t e r a c t e d 
i n l e a d , producing a b u r s t = 2450 
p a r t i c l e s , pene t ra ted i n r i o n . 
The s i ze o f the a i r shaver accompanied 
i s 1.10^ p a r t i c l e s . 
as 
W T O * ' * '. / . . ' • 
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CliAPTER 9 
TEE INCOHERENT IIADROI! ENE3GY SPECTRUM AT SEA LEVEL 
9 . 1 I n t r o d u c t i o n 
Since our apparatus has been t r i g g e r e d a f t e r the i n t e r a c t i o n o f 
a hadron i n l ead or i r o n t a r g e t s , whether accompanied w i t h 2 . A . S . o r n o t , 
we were able to measure the energy spectrum o f incoherent hadrons a t sea 
l e v e l . This measurement increased the s t a t i s t i c s o f the previous work 
c a r r i e d out by Ashton and Saleh, 1975 i n i t i a t e d f o r the i n v e s t i g a t i o n o f 
the stGp seen by Baruch e t al . i n the energy range 2-8 Tev, r e p o r t e d i n 
Munich Conference, 1975. 
The energy s p e c t r a o f hadrons at d i f f e r e n t observa t ion l e v e l s i n 
the atmosphere can g i v e i n f o r m a t i o n about the behaviour o f the n u c l e a r 
i n t e r a c t i o n s o f hadrons i n the way to the e a r t h through the atmosphere. 
The t r i g g e r i n g l e v e l o f t h i s experiment was the p roduc t i on o f a 
b u r s t — 400 p a r t i c l e s e i t h e r i n the l ead o r i r o n . The convers ion o f 
b u r s t s ize to hadron energy has been made by the c a l c u l a t e d b u r s t s i z e -
energy r e l a t i o n s h i p curves discussed i n chapter 5- The r e s u l t o f the 
present observa t ion shows a constant s lope . The spectrum can be repres-
ented by E~ * i n the energy range 400 Gev to 8 Tev. 
9.2 A survey o f measurements o f incoherent hadron ener re spec t ra a t 
d i f f e r e n t a l t i t u d e s 
9 . 2 .1 Gr i f to rov e t a l (1965*) 
This measurement has been c a r r i e d out a t Mt . Aragats (yOOgcm"^). I n 
t h i s exper iment . the i n t e n s i t y o f hadrons has been measured up t o 3.10^ Gev. 
The apparatus used has been an i o n i z a t i o n c a l o r i m e t e r o f 10m" s e n s i t i v e 
area, cons i s ted o f 12 t r a y s o f i o n i z a t i o n chambers l o c a t e d under f i l t e r s 
o f l e a d , g raph i t e and i r o n . A f t e r an e f f e c t i v e time o f 1,015 hours o f 
runn ing the experiment 633 events were recorded . The i n t e g r a l energy 
spectrum o f unaccompanied hadrons i s p l o t t e d i n f i g u r e 9.1. 
7e 
9.2 .2 Jones o t a l (1970) 
To s tudy the in t r r . ' .T . t i on r . o f Cosmic ray nuc lea r a c t i ve p a r t i c l e s 
. 2 
w i t h p ro tons , t h i s groun mc.dc an exner . i rcnt at Echo Lake, 700gcm 
Colorado. They used L:000 l i t r e l i q u i d hyi'o/ogci, t a r g e t , spark chambers 
and an i o n i z a t i o n c a l o r i m e t e r . The c a l o r i m e t e r was cons t ruc ted o f i r o n 
and p l a s t i c s c i n t i l l a t o r w i t h a t o t a l th ickness o f l,130gcm . D u r i n g 
the runn ing t ime they recorded 1,000 i n t e r a c t i o n s above 70 Gev. The 
energy of the i n c i d e n t hadrons v.'ere es t imated f r o m pulse h e i s t s o f the 
de tec to rs i n the c a l o r i m e t e r . The energy r e s o l u t i o n o f the c a l o r i m e t e r 
was es t imated to he about -15$.;. The i n t e g r a l energy spectrum measured, 
—7 2 —2 —1 —1 
was represented by N( > E) = 3.10" 2" ( n f ' s t - sec" ) , where IS i n the u n i t 
Gev. Hie r e s u l t s o f t h i s experiment i s p l o t t e d i n f i g u r e 9.1. 
9.2.3 Kaneko e t a l . 1971 
_2 
The measurement was c a r r i e d out a t ITt .Chacaltaya 550ccm . They 
recorded h i g h energy nucle.ia* b u r s t produced by unaccompanied hadrons w i t h 
12 
energy g rea t e r than 3.10 "ev. ^he apparatus used, cons is ted o f 10 v c r -
;:.:.cal telescopes each cons i s ted o f 2 and 3 unsh i e lded counters p laced above 
—2 
a sh ie lded counter under 386 gcn~ o f absorber* T h e i r r e s u l t i s shown i n 
f i g u r e 9.1. 
9.2.4 Siohan e t a l . 1973 
To measure the charged hadron i n t e n s i t y they used an i o n i s a t i o n 
2 
c a l o r i m e t e r a t the a l t i t u d e o f 730 gem" (2,900 meters) a t 3UCRL i n Hew 
2 
Mexico. A l a y e r p l a s t i c s c i n t i l l a t o r o f t o t a l area 5.3 " was placed i n 
an t i co inc idence t o record the shower accompanied hadrons. T h e i r r e s u l t 
i s p l o t t e d i n f i g u r e 9 . 1 . The d i f f e r e n t i a l energy spectrum i s represented 
b y : 
dN /dE = (7.95-0.9) x 10~ 5 (VlOO)" 3*^- 1 p a r t i c l e s / m 2 sec s t Gev 
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Energy (GeV) 
PiC-are 0.1 I n t e g r a l hadron spectrum R( > E , X ) . The upper l i n e 
for X = 0 corresponds to the primary spectrum of 
protons given by Ryan et a l . (1972). The lower points 
corresponds to unaccompanied hadron spectra as measured 
?.t d i f f e r e n t depths i n the atmosphere. The d i f ference 
between the upper and lower curves i s a measure of the 
i n t e r a c t i o n length of protons i n a i r , ( a f t e r G.Yodh,'J.i-72). 
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The i n t o g i e c t r u n f r o m s l i v : l e n .-c.ro: MX 
9.2.5 Babecki e t a l . 1961 
12 13 
The energy spectrum of hadrons i n the energy range 10 - 10 ev 
was measured, u s i n g an arr<?y cons t ruc ted o f f o u r rows o f i o n i z a t i o n chambers 
between which were l ead and g raph i t e f i l t e r s o f d i f f e r e n t th i ckness . The 
events were recorded i f the t o t a l i o n i z a t i o n was g r e a t e r then the t h r e s h o l d 
s imul taneous ly , i n each o f any two o f the l a y e r s o f i o n i z a t i o n chambers. 
They found the i n t e g r a l b u r s t spectrum w i t h exponent -1.9-0.03. The 
r e s u l t i s shown i n f i g u r e 9.2. 
9.2.6 Brooke and Wol fonda le . ( 1 9 6 A ) 
The momentum spectrum of Cosmic r a y protons i n the range 0.6 t o 150 
Gev/c was measured by a magnetic spectrograph. The spectrograph cons i s t ed 
of f o u r measuring l e v e l s , two above and two below t'-e magnet and the de-
f l e c t i o n s . The momenta o f the t r i g g e r i n g p a r t i c l e s were determined by 
the i n t e r a c t i o n o f t h e i r t r a j e c t o r i e s w i t h the f o u r l e v e l s . I n f i g u r e 9«3 
the measured d i f f e r e n t i a l v e r t i c a l momentur, spectrum o f protons i s shown. 
9.2.7 Brooke e t a l (1964^ 
'•"he same apparatus used by Brooke and V/olfendale f o r the measurement 
o f noncntum spectrum o f p ro tons , v/as used to measure the momentum spectrum 
o f t T ~ i n the v e r t i c a l d i r e c t i o n i n c o n j u n c t i o n w i t h a neu t ron mon i to r . 
Pions were de tec ted by moans o f t h e i r i n t e r a c t i o n end subsequent neu t ron 
p r o d u c t i o n i n the mon i to r . The r a t i o between p o s i t i v e and nega t ive pions 
i s assumed to be u n i t y . I n f i g u r e 9.4 the r e s u l t o f the experiment i s 
shown. 
9.2.0 D i r a o r y e t a l (197AN, 
The v e r t i c a l energy spectrum o f pions was measured by t h i s group 
a t so:., l e v e l u s i n g a spectrograph w i t h the sane c o n s t r u c t i o n as the one 
used by Brook and " i 'o l fendale . The r e s u l t i s compat ible w i t h the r e s u l t s 
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Figure 9.5 Summary of the sea l e v e l v e r t i c a l neutron 
and proton spectra* ' The f u l l ine i s the 
v e r t i c a l neutron neutron spectrum c a l c u l a t e d 
from global spoetrum given by Hughes and Karsden 
(1966), The crosses are proton measurements 
of Brooke and V/olfendale (I9&f) and the hatched 
area i s the v e r t i c a l neutron spectrum given by 
A3hton e t a l . (1971o). A f t e r Ashton (1973). 
compared w i t h the r e s u l t s o f Brook te t ; i . l . • 
9.2.9 Ashton (1973) 
The energy spectrum o f neut rons i n the r e g i o n 0.4 - 1.2 Gev (1971a) 
has been measured u s i n g the charge exchange r e a c t i o n n -:p P+n. 
I n f i g u r e 9.5 the r e s u l t o f the low energy neut ron spectrum i s 
p l o t t e d and compared w i t h the o the r r e s u l t s . At h i g h e r energies ( >20 Gev) 
the neu t ron energy spectrum has been measured f rom the b u r s t spectrum 
produced by n e u t r a l p r imary p a r t i c l e s i n a t h i c k s t e e l t a r g e t (1970). 
The v e r t i c a l d i f f e r e n t i a l energy spectrum i s p l o t t e d i n f i g u r e 9.5* I t can 
be seen t h a t i n the r eg ion 50 - 1000 Gev the spectrum can be represented by 
N(E) = AE'^ w i t h the exponent Y = 2 .95 -0 .1 . 
9 .2.10 Cowan and Matthews (1971) 
The energy spectrum o f unaccompanied hadrons and a s tudy o f hadron 
i n t e r a c t i o n was c a r r i e d ou t u s i n g an i o n i z a t i o n c a l o r i m e t e r toge ther w i t h 
n ine c l o u d chambers operated a t 250 m above sea l e v e l . The energy s p e c t r a 
o f pions and protons have been c a l c u l a t e d f rom the measured charged spectrum 
u s i n g the n e u t r a l to charge r a t i o n 0.9. F igure 9.6 shows the energy spectrum 
o f charged hadrons. 
9 .2 .11 D m i t r i e v e t a l (1960) 
A study o f hadronic component was c a r r i e d out by t h i s group u s i n g 
i o n i s a t i o n chamber. Dur ing the ope ra t ion t i m e , 1,3000 hours 94£ b u r s t 
were r e g i s t e r e d each corresponding to the passage o f 1000 r e l a t i v i s t i c 
p a r t i c l e s . The energy spectrum of the hadrons i s shown i n f i g u r e 9.6. 
9 .2.12 Siohsn e t a l ( l 9 7 5 ) 
The energy spectrum o f charged hadrons was measured u s i n g an i o n i -
z a t i o n c a l o r i m e t e r . A Konte Carlo s i m u l a t i o n f o r the c a l o r i m e t e r was 
used t o o b t a i n the energy o f p r imary i n c i d e n t hadrons f r o m the equ iva l en t 
muons. The measured v e r t i c a l , spectrum o f hadrons i n the energy range 
350 - 1,000 Gev i s shown i n f i g u r e 9.6. 
9.2.1;. G.B. Yodh 1974 
The d i f f e r e n t i a l energy spectrum of h i g h energy hadrons at sea 
l e v e l , u s i n g an i o n i z a t i o n c a l o r i m e t e r has "been measured ( P r i v a t e Commun-
i c a t i o n ) i n the energy range 1 Tev to 6 Tev ( f i g u r e 9.6). 
9.3 The ixeBent bas ic exper imenta l r e s u l t s 
The r e c o r d i n g o f the events has been by photography such as a 
p a r t i c l e i n t e r a c t e d i n the lead o r i r o n t a r g e t s , p roduc ing f. b u r s t £2400 
p a r t i c l e s , the apparatus war. t r i g g e r e d . The pulse from the s c i n t i l l a t o r s 
under the l e a d rind i r o n was photographed. The f r o n t view of the chamber 
was also photographed. The s c i n t i l l a t o r pulses g ive the b u r s t s ize and 
the chamber photograph shows the geometry o f the b u r s t . The experiment 
has been i n ope ra t ion f o r 2704 hours . The t r i g g e r i n g l e v e l and the time 
delay remained unchanged. The acceptable events were those having pulse 
h e i g h t i n f o r m a t i o n . The ax is o f the b u r s t a lso had t o be loca t ab l e w i th in 
the d e f i n e d c r i t e r i a (see f i g u r e 9-12) w i t h a p r o j e c t e d z e n i t h a n g l e s 30° . 
•The l i m i t on the p r o j e c t e d z e n i t h angle was imposed i n order t o exclude 
side events produced i n the w a l l s o f the chamber by h i g h energy nraons. 
Table 9.1 shows the general i n f o r m a t i o n about the experiment . I n table9.2 
the bas ic exper imenta l r e s u l t i s shown. I n t a b l e 9.3 the present bas ic r e s u l t i s 
compared w i t h the prev ious work (Ashton and Saloh 1975b). 
S c i n t i -
l l a t o r 
Scope sen-
s i t i v i t y 
nv/cm 
Tr igge r 
l e v e l 
p a r t i c l e s 
. Single p a r t i c l e 
pulse h e i g h t 
( m . v . ; 
Vol tage o f p h o t o - F a i l t i -
p l i e r Power supply ( K . V . ) 
C 500 >/ 400 
p a r t i c l e s 
.28 . 8 
A 500 >400 .28 .8 
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Figure 9.6 Summary of the sea level vert ical high energy 
hadron spectrum* 
Trigger level (equivalent muons) 400 particles 
Time delay of high voltage pulse 330 l i s 
Running time 2,704 hours 
Total number of triggers 1,500 
+ 0 
Number of bursts within -30 
to the vert ical and in acceptance 
geometry with a hurst of size 
— 400 particles observed under 




Number of bursts vdthin -30 
to the vert ical and in acceptance 
geometry produced by an i n i t i a l 
interaction in the lead or ii*on 





n in l ( 9 ) = l(o) cos n e lead 7.0^2.0 1 
iron 8.5-1.5 
Total aperture for bursts from lead 2 ,53m st 
1 Total aperture for bursts from iron .52m2 st 
Ratio of number of bursts starting 
in lead to number starting in 
iron, n ^ p e j determined from f lash tubes 
1.83±.14 
Expected ^ j f e j assuming 
bursts produced by hadrons 
nucleons 2.17 
pions 2.24 
Table 9.2 Basic experimental data 
Trigger level (equi. pts) 
Previous work (Ashton and Saleh) 
present 
work 
Z 20 a 100 £200 = 400 » 500 &400 
Dunning time (hour) 0.6? 26.35 223.76 176.47 3411.25 2704 I 
Time delay (Ms) 20 20 20 330 330 330 [ 
Total numbers of tries0re 149 173 560 122 1420 1500 
Number of bursts within -JO0 to 
the vertical and in acceptance 
geonetry with a burst of size>; 400 
particles in 'the lead or iron 
•Q 
a 
21 26 101 23 256 246 
char.<?e 29 25 93 
39 356 493 neutral 3 7 8 
total 32 32 161 
No. of bursts within -30° to 
tho vertical and in acceptance 
Geometry produced by an inter-
action in the lead or iron deter-
mined by F/T data 
ja 
a. 478 j 
» u. 261 I 
Assumed n in 
1(6) = l(o) Cos11 e 
a 6.0±2.5 6.oi2.5 6.0±2.5 8.5±1.5 8.5±1.5 7.oiz.o 
<D 
u. 4.0±2.0 4.oi?.o 4.0±2.0 7.5^ 1.3 7.5^ 1-3 " • 5 i l - 5 
Total aperture for bursts 
from iron or lead (m st) 
a O.64 0.64 0.64 0.54 0.54 0.5J I a u. 0.70 0.70 0.70 0.53 0.53 0.52 
Fb arjerture 
Pe aperture 0.91 0.91 0.91 1.0 1.0 .1.0 
Ratio of number of bursts 
starting in lead to number 
starting in iron 
n(Fb) determined from 




.661.16 .8Li.25 1. Col. 14 .92X13 .59*.15 .501.0U 
1.83^ .14 








2.09 2*09 2.09 2.24 2.24 2.24 
Table 9.3 the Comparison of the basic data of the present experiment 
with the previous work. 
32 
I t i s expected theoretically that over the energy range covered in the 
present experiment the majority of bursts produced by particles incident 
with zenith angles< 50° to the vert ical i-xe due to hadrons and that only 
for zenith angles> 50° does the effect of rnuon electromagnetic interactions 
become important. This con he tested by measuring the ratio of the number 
of bursts produced by primary particles that interact in the lead and iron 
for hadrons at normal incidence this ratio i s 
are the interaction length of hadrons in lead and iron the ratio i s found 
to be 2.17 and 2.24 for nucleons and pions respectively. The measured 
-i-
ratio of 1.0J-0.14 i s thus consistent v.'ith expectation for hadron init iated 
bursts. 
A further test i s to determine the spatial angular distribution of 
particles producing bursts from the measured projected angular distribution 
in the front plane us in;-; an extension of the method described by Lovati et 
a l (1954). Assuming a spatial zenith angle distribution of the form 
1(6) = l(o) Cosn0 the best f i t values of n found from the data are 7.oi'2.0 
for bursts originating in the lead and G.5-1.5 for bursts originating in 
the iron. Again these values are consistent with expectation for hadron 
init iated burst. 
The basic experimental data in the previous work (Ashton and Galeh 1975^) 
bursts were c lass i f ied as oc.cv.ring in the lead or iron according to whether 
the burst size under the lead or iron i s the larger of the two and not as to 






Aph < x 
i'e 
v/here Y_ and Y_ are the thickness of the lead and iron andX-r. and X rb ie rb Pe 
83 
the figures in the table cannot he used to calculate n(Fe) as indicated, 
in the present experiment and compared with expectation for hadron i n i -
tiated bursts. However using the flash tube information to determine 
whether a burst was init iated by a f i r s t interaction in the lead or iron, 
n ( F b ) 
the resulting value of n(lte) is found to be consistent with hadron i n i -
tiated bursts. 
Figures 9.7 2nd 9.8 show the burst size distribution of bursts init iated 
in lead and iron respectively. 
9.4 The angular distribution of hadrons 
The projected zenith ai-igle of hadrons has been assumed to be the 
same as the direction of the axis of the bursts to the ver t i ca l . Figures 
9.9a and. 9.9b shows the projected zenith angle distribution of the hadrons 
recorded from the front view of the chamber. Vfe had no f lash tube inform-
ation of the bursts in the side plane of the chamber, just a crude estimate 
of the maximum projected zenith angle of incidence by measuring the axis of 
the burst from top of F,, (see figure 6 . l ) to the point where the bursts l e f t 
the chamber in the fron view. Figures 9.10 and 9.11 show a crude informa-
tion of the events in the side plane. Although crude these measurements 
indicate that the majority of accepted bursts had zenith angle <50° in this 
plane. 
9.5 The chamber acceptance functions 
To calculate the differential aperture for bursts produced in the 
chamber the method of Lovati et al (1954) was used; this has been discussed 
in chapter 6. The differential aperture of the chamber has been calculated, 
with n as a parameter, on the basis of the c r i t e r i a shown in figures 9.12 and 
9.13- "'c- result of the calculation i s shown in figure 9»14. The acceptance 
geometry for bursts in the lead and iron i s the same. The value of the 
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exponent, n was determined from theyt'calculated angular distribution and 
observed projected angular distribution by a minimum chi-square OC ) f i t . 
n was found 7.0-2.0 and 8.5-1.5 in lead and iron respectively. 
9.6 The measured hadron energy spectrum 
Using the measured differential burst spectr a detected by the 
sc int i l lators under the ]e ad and iron in the present experiment and also 
knowing whether a burst observed under the iron was init iated by a f i r s t 
interaction in the lead or iron, in conjunction with the theoretical relation 
between burst size and energy, two independent estimates have been made of 
the vert ical differential hadron spectrum. These have been averaged, and 
the f i n a l result has been obtained. In figures 9.15 and 9.16 the integral 
burst spectrum for bursts init iated in lead and iron io shown. In con-
verting the burst spectrum measurements to an estimate of the incident hadron 
spectrum,the hadrons have been assumed to be nucleons. I f charged pions are 
assumed the energies should be reduced by 0.75. In figure 9.17 the di f fer-
ent ial energy spectrum of bursts produced in ]e ad and iron i s compared. 
Figure 9.18 and 9*19 show the incident hadron energy spectrum in lead and 
iron. Figure 9.20 shows the comparison of figure 9.18 and 9.19. In 
figure 9.21 the f i n a l energy spectrum of hadrons i s shown, i t i s seen that 
the measurements are consistent with previous work. In table 9«4 the 
probability of proton and pion interacting in different parts of the chamber 
i s recorded. 
particle Lead Iron Glass and aluminium electrode 
proton 0.55 0.25 0.12 [ 
pion 0.53 0.23 C.12 J 
Table 9.4 The probability of interaction cT protons and pions 
in different parts of the chamber. 
1CT 
T
w 1 ( 5 9 
u 
11(5" 







102 103 10* 
Burst size (N e) 
figure 9.15 The integral burst spectra:?, of single hc\drons 
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li'igiire 9.16 The integral burst spectrum of single hadrons 
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Hadron energy (GeV) 
figure 9.17 The vertical differential energy spectrum of single 
hadrons interacted in lead ( • ) and iron (X ) 
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Burst size (N) 
Figure 9.18 The incident differential energy spectrum of hadrons 
interacted in lead 
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Hadron energy (GeV) 
RLgure 9.19. The incident hadron energy spectrum of hadrons 
interacted in the iron 
I 
• Burst in lead 
x Burst in iron 
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Hadron energy (GeV) 
Figure 9.20 The comparison of incident energy spectrum of 
hadrons interacted in lead. ( • ) and iron ( X ) 
I I I I I I I I I I I I I I 






s I M i i 10 i 
id2 103 10 
Hadron energy (GeV) 
figure 9.21 The final differential energy spectrum of single 
hadrons at see. level 
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9.7 Comparison and conclusion 
In figure 9.22 a comparison of the present result with the results 
of previous experiment (Ashton and Saleh, 1975). and Baruch et al (1975) has 
been made. I t is seen that the hadron energy spectrum is smoothly de-
creasing in intensity with a slope equal to 2.74^.16. 
I t should he noted since the results of Baruch et al reported in 
Munich Conference claiming a step in the differential energy spectrum 
between the energy 2 - 3 Tev was withdrawn due to the electronic defect 
in their experiment the comparison to that result is not made, but i t is 
compared with their recent measurement after eliminating the defect 
(Baruch et al . v.12 p. 4303). The present differential energy spectrum is 
V 
well represented by: N(i')d£ = A E~ £E. 
where Y = 2.74-0.16 over the whole energy range. 
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• Ashton & Saleh (1975) ] 
V Baruch et al (1975) 
x Present work 
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Hadron energy (GeV) 
Figure 9.22 The differential energy spectrum of hadrons at sea level, 
measured by different groups. 
PLATE 9.1 
Event H115 - 19 
A hadron interacted in the lead absorber 
producing a burst of size 4000 particles, 
•fte. "Track obs&wet/ 10 f% u eXlW&i A 
pae£tle wi"Kft.rt</ fljLimrjt ohltrVtcl ts> 

PLATE 9.2 
Event H106 - 7 
A hadron,interacted in iron 





SEARCH FOR EAGMETIC MONOPOLES 
10.1 Introduction 
The laws of quantum mechanics can explain why electric charge is 
quantized i f the existence of a particle with a single magnetic pole is 
assumed. This assumption led Dirac in 1931 to predict the existence of 
a particle kno\/n as a magnetic monopole. 
Search for magnetic nonopoler; is important because this is the only 
way to explain the quantization of electric charge. DirLic took the fund-
amental electric charge to be e. lie proved that monopoles of fundamental 
strength, g - tic/2e should exist. 
Schwinger in 1966 concluded that the magnetic charge quantum is twice 
the value predicted by Dirac. 
Mnnopoler? produce . v. high rate of ionisation an they traverse through 
matter. The rate of energy loss for a relativistic monopole is approximately 
given by: 
- — - n .10 Gev/gm. cm 
dx 
where n - 2e.g/hc. In comparison with the rate of energy loss caused by a 
particle with electric charge e, the rate for mononoles is approximately 
dE 
5000 times that of a relativistic e-charged particle (dx ~2 Kev). This is 
the main property of monopoles for detection. 
The relativisticjf nonopolos could produce tracks similar to those 
produced by high Z atomic nuclei in visual detectors. The predicted processe 
that produce monopoles are similar tc those producing electron-positron pairs 
Y + P P + g + g 
P •:• P P -i- P + g -1- g 
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3.4.10 1 4ev 
Table 10.1 Expected properties of magnetic monopoles corresponding to 
fundamental electric charges e and e / 5 . 
10.2 Previous searches for magnetic nonopoles 
Searches lor monopolcs have been carried out in acceleratora. Amaldi 
et al (1963) and Purcell et al (1963) performed an experiment using a 30 Gev 
proton beam. They showed that the monopoles mass is greater than 2.8 Gev/c 
i f they exist. Gurevich et al (1972) searched for monopoles using a 70 Gev 
-43 2 
proton accelerator yeilding the production cross section to be<l. 4.10 cm 
for I%< 4.9 Gev/c . Gi acomelli (1975) searched for monopoles by P - P 
collision at CE3H-ISR. They could detect nonopoles of mass, E&< 30 Gev. 
They found the upper limit on the production cross-section< 2.10 J cm at .. 
9OJ0 confidence level. 
Searches for monof>oles have been also carried out in cosmic rays by 
many experimenters. Ashton et al (1969b) performed an experiment at sea 
level using scintillators and flash tubes, demanding a pulse-produced by 
monopoles of greater than 4,000 times the pulse produced by single muons. 
They found a flux limit of< 1.3.10""^ cm - 2 sec - 1 s t - 1 with no candidate. 
Yock (1975) searched for heavy mass highly charged particles in cosmic rays, 
no events were observed. An upper limit of 7 . 1 0 - ^ cm~^  sec"^ " st""1" at se^ 
level under 600 gm/cm concrete was obtained with 90/6 confidence level. 
t i b 
10. J Present experiment 
10.3.1 Observation of 15 anomolous events 
Our experiment triggered basically for the study of hadrons, in E.A.C. 
producing burst of size 2:/r00 particles either in lead or iron targets. In 
this experiment the high voltage pulse was applied to the flash tube chamber 
after a time delay of 33^^ after the occurrence of the burst. After this 
long time delay the track of a particle with charge e producing a burst in 
iron absorber could not be seen in F^a, (See scale diagram of the chamber in 
chapter G, F^a consists of 0 layers of flash tubes). 
The search for mrgnetic monopoles was based on the idea that i f magnetic 
monovoler, exist and pass through the chamber, i ts track could be seen in F^a, 
due to its highly ionising property and the pulses produced by these particles 
fron detector c, under the lead and detector A, under the iron could be 
recorded. In the course of experiment 15 unusual events have been observed. 
10.4 The efficienc?/ of the chamber for e-charged particles after the 
application of 330^3 time delay 
At a time delay of 330 protons and charged pions interacting in 
the iron target are expected only to produce an average of 0.35 flashes in 
the 8 layers of flash tuber, in F^a. Figure 10.1 shows the variation of "the 
internal efficiency If] T w::.th the time delay between the passage of an ionising 
charge e particle and the application of the high voltage pulse to a single 
flash tube. Using the Lloyd theory the curve is found to f i t the measurements 
for TJJ in the range 1-200p. s (Cooper, 1974) and beyond this, the curve is a 
theoretical extrapolation. In the theory, a,ir, the tube radius, f^ is the 
average probability that a single electron is capable of producing a flash 
when the high voltage pulse is applied, :sid ^ i s the average number of 
in i t ia l electrons produced rer unit path length in the neon gas. Figure 10.2 




































8 to CO CO 
af^Q^ as a parameter. The f lash , tubes -i.sed have i n t e r n a l diameter 1.58cr. ; 
e x t e r n a l diameter 1.78cr, and the separa t ion between the centres o f ad jacent 
tubes i s 1.81cm. I t i n seen f rom f i g u r e 1 0 . 1 t h a t a t = 3304*5, T| = 5Ji. 
The l a y e r e f f i c i e n c y ( p r o b a b i l i t y o f a. tube f l a s h i n g pa r l a y e r ) i s thus 
]_ .5 - 4.4% and the average number o f f l a s h e d tubes expected t o be observed 
i n the 3 l aye r s o f tubes i n F^a between the l ead and the i r o n i s 8x0.044 = 0.35. 
The f l u c t u a t i o n s i n the nunbor o f tubes f l a s h e d about the average value are 
expected t o bo descr ibed by a b inomia l d i s t r i b u t i o n . I f ? i s the p r o b a b i l i t y 
o f a tube f l a s h i n g per l a y e r the p r o b a b i l i t y P ( r , 8 ) o f obsex*ving r tubes; 
f l a s h e d i n 8 l aye r s i s : 
P ( r , 8 ) = 6 C r P r ( l - P ) 8 " * 
= 8 . 7 - - . . ( 6 - r - K 0 p ' - ^ x . p ) 6 - 1 
r l 
• 
10.5 I-basured parameters 
Figure 10.3 shows the f requency d i s t r i b u t i o n o f the observed number 
of tubes f l a s h e d i n F^a l a y i n g on the axis o f the bu r s t s t h a t were observed 
to be produced i n the i r o n . Also shown i s the expected b i n o m i a l d i s t r i b u t i o n 
f o r P = .044. I t i s seen t h a t there i s an excess o f 15 events over expec-
t a t i o n f o r t r acks i n F^a w i t h 4-8 f l a s h e s on them. The 15 anomalous events 
are shown i n Figure 10 .4 . P la te 1 0 . 1 t o 10 .11 show the photograph o f e leven 
of the anomalous events . ? l a t e 10.12 i s a t y p i c a l norrcal event ( i n t e r a c t i o n 
i n l e a d ) . Pla te 10.13 i s a hadron i n t e r a c t e d i n i r o n f l a s h i n g one f l a s h 
tube out o f 8 layers i n F^a. I t i s c l e a r t h a t some o f them are p robably 
produced by hadron i n t e r a c t i o n s near the bot tom of the l e a d so t ha t the 
r e s u l t i n g e l e c t r o n - p h o t o n cascade produced by the Y ' s f r o r i T X 0 decay i s i n 
a very e a r l y stage o f development and hence h i g h l y c o l l i m a t e d . . The range 
o f d is tance f rom tho bot tom of the lead can be found by s o l v i n g 
" . - J J L -
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Figure 10.3 
4 5 6 7 8 
Histogram shov.'ing the number o f tubes f l a s h e d i n F.. (8 l aye r s o f 
tubes) f o r the 261 b u r s t s o f s ize S 400 e q u i v a l e n t muons produced 
by p a r t i c l e s which penetra te 15 cn o f l ead and i n t e r a c t i n 15 cm 
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f o r A y where y = 15cm a n c l \ = 19.8cm ('The f i g u r e 47C i s the number o f b u r s t s 
i roduced i n thi.- .lead c ivr in ; ; the exper iment ) . The r e s u l t i s y = 0.97cm. 
I n order to t r y t o q u a n t i t a t i v e l y repara tc events which are due to 
hadron i n t e r a c t i o n s nc.-'.r the b o t t o n o f the l e a d f r o m hadrons which t raverse 
the l ead w i t h o u t i n t e r a c t i n g and then r.ake t h e i r f i r s t i n t e r a c t i o n i n the 
i r o n the r a t i o 11 o f the number o f f l a shes ou ts ide the l i n e o f f l a s h tubes 
l y i n g on the b u r s t a x i s i n I ^ a and the l i n e o f tubes on e i t h e r s ide of i t t o 
the number o f f l a shes contained i n s i d e the th ree c e n t r a l tubes wid th has been 
used as . n e s t ima to r . I n f i g u r e 10.5 R has been p l o t t e d as a f u n c t i o n o f 
the pulse he igh t ( eq - ' iv rv i rn t muons) measured i n s c i n t i l l a t o r C placed under 
the l e a d . Figure 10..° shows a h is togram o f the data i n f i g u r e 10.5- ^ e 
11 events which occur i n the t a i l o f f i g u r e 10.3 and are shown i n f i g u r e 10.4 
ar-. i-.irked 1-11. I t i s seen f rom f i g u r e 10.5 "that the 11 events l i e i n the 
t a i l o f the It d i s t r i b u t i o n and are not d i s t i n c t l y separated f rom i t by a 
s i g n i f i c a n t gap. The number o f p a r t i c l e s conta ined i n the narrow j e t t ha t 
t raverses F^a can be es t imated f r o m the measured f l a s h tube e f f i c i e n c y i n F n a 
as w e l l as f r o m the pulse he igh t f rom s c i n t i l l a t o r £ . F igure 10.7 showsT) 
p l o t t e d agains t a f - ^ ( a = 9 corresponds t o 1 p a r t i c l e , a f = 18 
corresponds to 2 p a r t i c l e s e l e . ) f o r - 330 3. F i n a l l y t a b l e d leuinmarises 
e l l the a v a i l a b l e i n f o r m a t i o n concerning each i n d i v i d u a l event . I t should 
be noted t h a t the f i t to the data shown i n f i g u r e 10.3 assumes a l l b u r s t s 
producei. i n the i r o n are due to charged p ions . I f a large- f r a c t i o n were 
produced by nucleons then r n excess of events would te observed w i t h zero 
f l a s h e s i n F^a over expec t a t i on and t h i s i s seen no t to be so. This r e s u l t 
i s cons i s t en t w i t h the previous work (Ashton e t a l , 1975) which suggested t h a t 
f o r 2 > ^ 0 0 Gev the f l u : : o f charged pions becomes g r ea t e r than t h a t o f protons 
(and hence neutrons) i n the v e r t i c a l cosmic r ay beam a t sea l e v e l . 
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Figure 10.5 Sca t t e r p l o t o f the h u r s t p r o f i l e observed i n F l a R 
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Table. 10.1 Details of the 15 anocalous events shown in the tall of ficure 10-4. 
end elso in figure 10.5. Cnty .events' 1 md J can be considered cs possible 
hicJi Z • particles as they alone showed lare» pulse heichto in scintillator K, 
Hot necauraable neons the hadron was acconpenied by a shower but i t only ffave 
njasurodjle density (> 3nPfc) i n - 3 detectors. As 4 densities are required for a 
core to be unicibisuoucly locate able the shower size and core position could not 
be determined. Eo shnwor moans the density was not sicasureable 3m~ ) in any 
air shower sr.-inling detector. 
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10.6 Conclus ion 
From t a b l c i o i i t i s seen t h a t on ly events 1 and 9 produced a l - r g e 
pulse h e i g h t i n s c i n t i l l a t o r T* which would be i n d i c a t i v e o f a h i g h l y i o n i s i n g 
p a r t i c l e t r a v e r s i n g the l ead w i t h o u t i n t e r a c t i o n and then i n t e r a c t i n g i n the 
i r o n . The o t h e r events are t h e r e f o r e thought to be produced by hadron 
i n t e r a c t i o n s near the bottom o f the l ead such t h a t the e l ec t ron -pho ton showers 
r e s u l t i n g f r o m 7 1 ° decay are i n an e a r l y stage of development when they t r a -
verse P^a. Events 1 and 9 probably of the same nature b u t i t cannot 
be excluded t h a t they are produced by h i g h Z p a r t i c l e s (Z->20) f r o m the p r e -
sent da ta . S c i n t i l l a t o r M i s observed t o be sa tu ra ted bu t t h i s cou ld be 
e n t i r e l y due to the accompanying a i r shower whose core p o s i t i o n and s iae 
c o u l d be determined f o r these 2 events . Based on 2 poss ib le events the 
upper l i m i t t o the v e r t i c a l i n t e n s i t y (assuming a cos1" 8 z e n i t h angle d i s -
t r i b u t i o n ) o f p a r t i c l e s w i t h charge > 2ogJ.n the cosmic r a d i a t i o n a t sea 
l e v e l t h a t can penet ra te 15cm o f l ead and then i n t e r a c t i n 15cm i r o n ab-
sorber producing an energy t r a n s f e r > A00 Gev i s ^ 4.10"^ cm~^ sec ^ s t 
H i g h l y charged p a r t i c l e s o f t h i s nature are o f considerable i n t e r e s t as 
according to Yock (1975) they are the t rue fundamental b u i l d i n g b locks o f 
i 
ma t te r r a t h e r than quarks c a r r y i n g f r a c t i o n a l e l e c t r i c charge. 
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CHAPTER 11 
11.1 Summary and cuirrent tachyon ( f a s t e r than l i g h t ) experiment 
The l a t e r a l d i s t r i b u t i o n o f hadrons o f e n e r g y * 300 Gev i n E .A.S . o f 
4 6 
s ize 5.10 - 1.6.10 has been measured. I t i s found as the hadron energy 
increases the l a t e r a l d i s t r i b u t i o n steepens. A we;ak dependence of l a t e r a l 
d i s t r i b u t i o n on shower s i ze has been found . 
Tr.e energy Bpectrum o f hadrons i n E .A.S . steepens as the energy 
increases . 
The dependence o f E . r ( r e f l e c t i n g the t ransverse momenta o f hadrons) 
on hadron energy and shower s ize has been i n v e s t i g a t e d . The r e s u l t s show the 
mean transverse momentum o f hadrons d r a s t i c a l l y increases beyond the pr imary 
energy about 10^ Gev as the hadron energy and shower s ize increases . This 
obse rva t ion can be e i t h e r due t o a h i g h l y i n e l a s t i c c o l l i s i o n or i n t e r a c t i o n 
c ro s s - s ec t i on o r b o t h i n h i g h energy energy c o l l i s i o n s , i n o t h e r words e i t h e r 
the i n e l a s t i c i t y or i n t e r a c t i o n c r o s s - s e c t i o n o r bo th have to increase w i t h 
energy. 
I t should be noted t h a t i f r e a l l y the mean t ransverse momentum d r a s t i -
c a l l y increases beyond a pr imary energy an unknown f o r c e cou ld be a c t i n g and 
causing t h i s e f f e c t . 
The energy spectrum of hadrons i n cosmic rays a t sea l e v e l has been 
measured over the energy range 400 Gev - 8 Tev. The spectrum i s found t o be 
w e l l represented i n d i f f e r e n t i a l fo rm by N(E)dE = AE*^ dE Where = 2 . ^ i o . l 6 
w i t h no suggested anomalous behaviour over the whole energy range. 
A s tudy o f the i o n i s i n g power o f h i g h energy cosmic ray p a r t i c l e s t h a t 
penetrate' 15cm o f l e ad and then i n t e r a c t i n a 15 cm t h i c k i r o n t a r g e t has 
y i e l d e d 15 unusual events . The unu3ual events are seen i n the 0 l a y e r s o f 
f l a s h tubes, operated on a time delay o f 330M-s between the occurence o f the 
master t r i g g e r and the a p p l i c a t i o n o f the h i g h vo l tage pulse t o the d e t e c t o r 
betv;ccn the le ad. and i r o n ;AS a h i g h l y co l l i r aa t ed beam o f i o n i s i n g p a r t i c l e s 
( > 100). V i s u a l l y they look l i k e the f l a s h tube t r ack o f a s i n g l e h i g h l y 
charged p a r t i c l e w i t h Z~ 20. 
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11,2 Current tachyon experiment 
11.2.1 I n t r o d u c t i o n 
The exis tence o f an o b j e c t t r a v e l l i n g f a s t e r than l i g h t was p r e d i c t e d 
by r e l a t i v i t y theory , bo th c l a s s i c a l and p o s s i b l y q u a n t i s t i c . I n s p e c i a l 
theory o f r e l a t i v i t y o n l y the constancy o f the speed of l i g h t i s assumed, i t 
i s no t supposed to be the h ighes t poss ib le v e l o c i t y . The t o t a l energy r e l a -
t i o n i m p l i e s t h a t these f a s t e r than l i g h t o b j e c t s (Tachyons) have imag ina ry 
2 2 ^ " / 2 
r e s t mass as E = i mc / ( B - l ) ' -. 
I t i s b e l i e v e d t h a t charged tachyons emit Cerenkov l i g h t i n vacuum 
w i t h o u t v i o l a t i n g energy and momentum conse rva t ion , t h i s p rope r ty has been 
used t o search f o r tachyons. 
A f t e r the p r e d i c t i o n cf these p a r t i c l e s exper imenta l work s t a r t e d . 
Davis e t a l (1969) searched f o r tachyon p a i r s ( \ i s ing the p rope r ty of e m i t t i n g 
Cerenkov l i g h t i n vacuum), produced i n lead by -Y - rays f rom a ^ C o r a d i o -
a c t i v e source. The r.pace between two metal p l a t e s which w a s evacuated was 
used as a d e t e c t o r , an e l e c t r i c f i e l d , to acce le ra te the charged tachyons, o f 
3 k v cm""''" was app l i ed between the p l a t e s . The vacuum was viewed by a photo-
m u l t i p l i e r , the r e s u l t was observing no pulses to "Be produced by Cerenkov l i g h t . 
Search f o r tachyons has been a lso c a r r i e d out i n cosmic ray a i r showers. 
The i dea behind these experiments i s t ^ a t i f tachyons are produced i n the 
c o l l i s i o n o f the cosmic ray p a r t i c l e s , e i t h e r by p r i m a r i e s o r secondaries , 
w i t h atomic a i r n u c l e i , they w i l l a r r i v e i n a t ime be fo r e the shower f r o n t . 
The r e s u l t s of the experiments to de tec t tachyons are nega t ive so 
f a r , apar t f rom the r e s u l t s obta ined by Clay and Crouch (1974) t h a t has g iven 
an apparent ly p o s i t i v e r e s u l t . These workers assumed t h a t some tachyons 
15 
are produced by cosmic r a y p r i m a r i e s , w i t h energy o f 10 ev o r more, when 
they i n t e r a c t i n the atmosphere produce extens ive a i r showers. The m a j o r i t y 
o f the a i r shower components t r a v e l a t a speed close t o the speed o f l i g h t ( c ) 
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on a v e r s e th-: f i r s t i n t e r a c t i o n occurs a t a h e i g h t o f tibotit 20km , so one 
can soe the shower f r o n t about 60U s a f t e r the f i r s t i n t e r a c t i o n at sea l e v e l . 
Second assumption v , a r 3 t h a t a t l e a s t some of the tachyons su rv ive u n t i l they 
roach to sea l e v e l , so tachyons produced at the h e i g h t o f 20km v a i l a r r i v e 
i n Lin i n t e r v a l o f up t o , say, 100H-s preceding the shower f r o n t . The t h i r d 
assumption war. t h a t they ' . . ' i l l i n t e r a c t i n come way, t h a t provides an out pu t 
f r o m tho s c i n t i l l a t o r , l a r g e r than the pulses produced by noise t o be separate 
Feg ;,n e t a l (1075) looked f o r tachyons over a 400M-sec time i n t e r v a l , 
a t tvn d i f f e r e n t energy th resho lds . A 200 b i t s t a t i c s h i f t r e g i s t e r was 
used as a delay dev ice . !3howej.»s o f mean energy 2.10 '^ev were detec ted u s i n g 
an ar ray o f three p l a s t i c s c i n t i l l a t o r s . A 4th s c i n t i l l a t o r , viewed by a 
p a i r o f - n h o t o m u l t i p l i e r tubes was loca ted t the ar ray cen t r e . A t an energy 
releasr? s e n s i t i v i t y o f 0.5 I'fev i n the s c i n t i l l a t o r the t ime d i s t r i b u t i o n o f 
the shaped output pulses f rom one tube v:ore recorded. No s t a t i s t i c a l l y 
s i g n i f i c a n t dev i a t i ons have been f o u n d . U .2 . Hazen (1975) searched f o r 
tachyons i n extensive a i r showers under t ' e c o n d i t i o n s i m i l a r to Clay and 
Crouch, they found no evidence f o r exis tence o f tachyons. Emery e t a l 
(l"75) performed a search f o r tachyons a r r i v i n g du r ing about 100|A s p reced ing 
] 5 
extensive a i r showers o f pr imary energy about 10 cv they found no p o s i t i v e 
evidence. 
11.2.2 Hxperimental arrangement 
I n the c u r r e n t experiment , tachyons are looked f o r i n extens ive a i r 
15 
showers o f p r imary energy about 10 ev. The tachyon d e t e c t o r i s a f l a s h 
tube chamber cons i s t ed o f f r o m top to bot tom, 15cm l e ad , G l aye r s o f neon 
f l a s h tubes, 15cm o f i r o n . Below the i r o n , three 1 nT p l a s t i c s c i n t i l l a t o r s 
cove r ing the whole s e n s i t i v e area of f l a s h tubes are s i t u a t e d . Below the 
s c i n t i l l a t o r s there i s a b lock of f l a s h tubes c a l l e d F..b o f 6 l a y e r s o f 
f l a s h t u b e s ) . The e lec t rodes o f t h i s "block i s s h o r t . Below F^b a "block 
o f 94 l aye rs o f f l a s h tubes has been p u t . Under t h i s there e x i s t 8 l aye r s 
o f f l a s h tubes. This 8 l aye r s toge ther w i t h P^a and i y b c o n s t i t u t e the 
d e f i n i n g l a y e r s . Below the above mentioned 8 l a y e r s , there are three more 
s c i n t i l l a t o r s s i m i l a r to the top three ones, under these s c i n t i l l a t o r s there 
are 0 l ayers o f f l a s h tii.bes. 
The pulses produced i n top and bottom s c i n t i l l a t o r s , a f t e r be ing 
added, w i l l be d i sp l ayed on a 2 beam scope, a f t e r going through a de lay l i n e 
g i v i n g a delay o f 240 ^ s t o the pu lses . So the scope shows pu lses , produced 
i n top and bottom s c i n t i l l a t o r s i n the 2A0M-S a f t e r the a r r i v a l o f the a i r 
showers. A h igh vo l t age i s a p p l i e d , 20p- s a f t e r the a i r shower f r o n t reachs 
the s c i n t i l l a t o r s t o the f l a s h tube chamber and a photograph i s taken f r o m 
the f r o n t view d f the chamber. At present t h i s experiment i s r u n by 
I . A . Ward. Figure 11.1a and 11.1b show the scale diagram o f the d e t e c t o r . 
I n f i g u r e 11.2 the b lock diagram o f t h i s experiment i s shown. 
..#.1 






































(0 . O 
M 3 CT>+> 
U) 




.-! <+i 10 
o a; 














l E L i . 
<8 
LL 




























a a < 
i t • \n m m n m n • m, 





! J . . 
S2 8 S 
96 
APPENDIX A 
A. 1 I n t e r a c t i o n s i n the w a l l s o f the f l a s h tubes 
Before the present experiment , when the chamber was t r i g g e r e d by a 
l o c a l e l e c t r o n d e n s i t y to search f o r quarks on a 20|i.s t ime de lay , a s i g n -
i f i c a n t number o f b u r s t s were produced by the i n t e r a c t i o n o f p a r t i c l e s i n 
the glass w a l l s o f the f l a s h tubes . P l a t e 1 and 2 g ive two examples o f 
these i n t e r a c t i o n s . 
These events were analysed to o b t a i n evidence against the presence 
o f a l a rge number o f muon-induced b u r s t con tamina t ion . The i n t e r a c t i o n 
l e n g t h o f these p a r t i c l e s was determined by measuring the f requency d i s t r i -
b u t i o n o f depth o f i n t e r a c t i o n s and u s i n g the f o l l o w i n g r e l a t i o n : 
x 
F = C e ^ 
Where F i s the f requency and \ the i n t e r a c t i o n l e n g t h . The depth o f i n t e r -
a c t i o n was measured f rom the top o f the f l a s h tube b l o c k , F,, (see f i g u r e 6.1 , 
the scale diagram o f the f l a s h tube chamber) t o the p o i n t o f i n t e r a c t i o n . 
The t o t a l amount o f absorber represented by the f l a s h tubes i n + ^ * n 
the v e r t i c a l d i r e c t i o n i s 91.5 g.m / cm" . The events t h a t were analysed 
were those which passed through lead and i r o n absorbers . Figure A.1 shows 
the r e s u l t s f o r charged p a r t i c l e s . , ( t he t r a c k o f charged p a r t i c l e s were 
v i s i b l e i n the f l a s h tubes , F^a and F^b)* The "best l i n e through the measured 
po in t s was drawn and the value f o r the mean f r e e pa th o f the charged p a r t i c l e s 
was found to be II9-44 g/cm'' . This valu-e i s c ans i s t an t w i t h valu-e o f 130 g/cm 
c a l c u l a t e d f r o m the paper o f Alexander and Y e k u t i e l l i (1961), c o n s i s t a n t w i t h 
mean f r e e pa th o f p i o n s . Since muons have a much longe r i n t e r a c t i o n l e n g t h , 
do n o t c o n t r i b u i B ' 8 i g n i f i c a n t i y t o the p r o d u c t i o n o f b u r s t i n the w a l l s o f the 
f l a s h tubes . However, the p r o b a b i l i t y o f a muon i n t e r a c t i n g i n m a t t e r i s 
approximately p r o p o r t i o n a l t o / A , t h e r e f o r e the c o n t r i b u t i o n o f imion-
induced burs t s , i n l e a d and i r o n i s g r ea t e r than i n g l a s s . But b e c a u s e ^ e 
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p r o b a b i l i t y o f hadrons passing through l ead and i r o n absorbers and i n t e r -
a c t i n g i n g lass i s j u s t 2 f y so the measurement o f the i n t e r a c t i o n l e n g t h 
i n the f l a s h tubes i s r e l e v a n t t o the c o n s i d e r a t i o n o f the muon b u r s t 
con tamina t ion i n the lead and i r o n . 
J i l l I t r 
— 10 
a 




HATE A . l 
Event E 35 - 133 
The i n t e r a c t i o n o f a charged jKag?ticle 
i n the v/alls o f the f l a s h tubes 
( ! L = 20 V S) 
n 
PLATE A.2 
Event H 4'/ - 150 
The i n te rac t ion of a neutral 
pa r t i c l e i n the glass of a f l a s h 
tuhe. (T-. o 20M-S) 

APPENDIX B 
B.1 MEASURED FARAHSIEBS OP EVENTS USED Til THE HADRON ENERGY SPBOTHDI-i 
MEi'iSUKEMENT. 
Table B.1 shows the burst size and shower accompaniment information of a l l 
events analysed f o r hadron energy spectrum measurement. 
No. Film no. Burst size Burst, size Density Density Density Density Dsnsity 
under under i n i n i n i n i n 
the lead the i r o n M 61 C 12 62 
1 H 97-2 1200 
2 H 97-5 3000 
3 H 97-7 3050 
4 H 97-10 - . 1530 
5 H 97-11 1100 
6 H 97-12 800 1500 
7 H 97-13 1110 
H 98a 
8 H 98b-2 450 850 
9 H 98b-4 2615 
10 H 98c-12 950 
l i H 98c-19 750 
12 H 98c-23 750 
13 H 99a-3 810 
14 H 99a-7 700 
15 H 99a-8 710 
16 H 99b-6 480 
17 E 99b-7 1040 
18 H 99b-9 705 
19 H 99b - l l 3700 
20 H 99t>-15 900 
21 H 99t-45 3200 
22 H 99c-2 470 470 
23 H 99c-3 2104 
24 H 99dr-l 1550 
25 H 99d-4 2810 
26 II 99d-5 960 
27 H 99d-8 1300 
28 a 99d-io 1360 
29 H 99d-13 1580 
30 H 99e-l 1350 
31 H 99e-5 850 
-32 H 99e-7 1300 
33 H 99e-8 1300 
34 H 99e-9 805 
35 H 99e-14 900 
36 K 99e-15 2600 
37 H 99e-17 500 
38 H 99e-18 900 
39 H 96-1 1200 
40 H 96-2 2600 
Ho. Fi lm no. Re Ne A 
under under 
Pb Fe 
41 H 96-3 680 
42 H 96-4 710 
43 H 96-17 1300 
44 H 96-I8 1350 
45 H 96-24 710 
46 moo-i 650 
47 moo-2 [ 850 
48 H100-4 65O 
49 H100-5 410 2610 
50 moo-7 420 1050 15.2 
51 HI00-11 1502 
52 H100-12 850 
53 KLOO-13 4006 
54 Hloo-15 1350 11.3 
55 moo-17 65O 
56 H100-18 655 
57 H100-19 850 
58 H100-20 1351 48.4 
59 moo-21 1502 
60 H100-23 1354 5.6 
61 H101-1 1125 
62 H10L-2 850 
63 H101-3 800 
64 H101-4 925 5.5 
65 H101-5 1906 1104 
66 KL01-6 1350 500 11.3 
67 H101-9 650 
60 +H101-10 1707 850 >80 
69 H101-11 1109 
70 H101-13 1200 
71 KLOL-14 1100 
72 H101-17 950 
73 H101-20 850 
74 H101-21 1350 
75 KL01-22 2000 
76 KL01-23 2600 
77 HlOl-24 950 
78 H101-25 850 
79 fI101-26 750 13.5 
80 H101-28 1200 22.6 
81 +EL01-30 7500 41.9 
82 EL02-3 650 
83 H102-7 1750 
84 H102-8 1050 
85 H102-10 650 10.6 
86 H102-14 1050 
87 H102-19 950 
88 H102-20 800 
89 H102-21 1100 
90 H102-22 900 
91 H102-23 850 
92 H102-24 1900 
A A A 
61 C 12 
39.3 
37.3 15.5 31 
9 4.5 
140 21.8 37.3 
15.5 9.3 5.3 
No. Fi lm no. Ne Ne A 
•under under M 
Pb Eto 
93 H102-26 850 
94 IIIO2-27 1100 7 .1 
95 KL03-2 1100 
96 H103-3 1200 
97 HIO5-4 1650 
98 H103-6 700 27 
99 H103-7 950 
100 H103-9 1200 
101 H103-10 2710 
102 H103-21 1006 
103 H103-22 1550 
104 H103-24 1300 
105 H103-30 1100 
106 11103-33 3000 
107 H104-1 1250 950 
108 ID.04-6 1500 
109 H104-14 1650 
110 11104-17 1200 
111 IEL05-1 1650 
112 KL05-2 900 
113 /H105-3 4500 17.1 
114 EEL05-4 1000 
115 HL05-6 825 2050 33.9 
116 H105-7 850 I8.7 
117 H105-9 854 
118 H105-10 6000 
119 H105-11 1700 
120 H105-12 720 
121 +11105-13 1700 >80 
122 +H105-18 1810 1714 >80 
123 H106-2 569 
124 H106-3 827 
125 H106-7 1707 
126 II106-8 448 
127 H106-10 1705 
H106-12 1480 
Xc.O H106-13 620 
129 +H106-14 793 34.3 
130 H106-15 586 
131 H106-16 586 
132 H106-22 900 
133 H106-23 501 
134 KLO6-25 750 
135 11106-26 950 
136 +11106-27 1004 o f f 
137 iao6-29 1200 
138 +11106-30 1700 o f f 
139 H106-33 700 
140 +H106-34 600 o f f 
141 m.06-36 2758.5 
142 H106-37 2750 1002 
A A A 
61 c 12 
186.6 80.9 102.6 
280 217.7 217.7 
34.2 12.4 43.5 
186.6 155 150 
155.5 93.3 l i s 
124.4 87 99 
No. Film no. Be He A 
under under M 
Fb Pe 
143 E106-38 700 
144 11106-40 570 
145 HI06-41 500 
146 H107-2 1500 
147 H107-3 827 60.5 
148 H107-5 1310 
149 H107-6 448 
150 H107-7 931 
151 IEL07-8 724 
H107-9 2000 
H107-10 758 12.3 
153 +H107-11 655 34 
154 H107-12 3276 
155 +H107-13 448 1896.5 50 
H107-14 
156 H108-2 689.6 
157 +H108-3 793 1120.7 >80 
158 +H108-4 620 2344.8 >80 
159 H108-5 517.2 
160 H108-6 448.3 689.6 
161 +KL08-7 700 50.8 
162 ttO.08-9 741 51 
163 H10&,10 2245 
I64 H108-11 724 
I65 H108-13 2931 390 
166 PEL08-16 448 
167 H108-21 586 
168 H108-11 5772 
(2nd run) 
169 H108-12 793 
170 11108-14 655 
171 H108-15 896 25.8 
172 H108-16 655 
173 H108-17 620 
174 H108-18 655 
175 H108-20 1034 
176 +H109-1 450 827 18 
177 H109-2 727 
178 H109-3 655 
179 H109-4 1034 
180 H109-5 724 
181 H109-6 451 
182 in.09-7 965 11 
183 H109-8 421 
184 H109-9 421 
185 11109-10 827 
186 H109-13 724 
187 H109-15 655 
. 188 11109-17 550 
189 H109-21 655 
190 H109-23 896 
191 H109-25 1379 
192 H109-26 517 72 
A 6 ! A C ^ 
21.8 15.5 6 
18.6 12,4 18.6 
217.7 155.5 155.5 
21.7 12.4 18.6 
130.6 124 130.6 
37 18.6 43.5 
42 
46.6 15.5 18.6 
9.3 3.3 
15.2 27.3 
No. Film no. Ne Ne A A, 
under under K a 6 l 
Pb Fe 
193 II109-31 448 
194 H109-33 2998 
195 H109-35 655 
196 11109-39 1505 
197 +H109-41 980 39.2 31.1 
198 +H109-43 1700 1034 >eo 180.6 
199 11109-48 517 
200 KL09-49 4741 
201 EL09-50 1034 
202 11109-53 1206 
203 +H110-1 1138 >80 68.4 
204 K110-2 3068 2413 10 15.2 
205 +H110-3 3250 1034 >80 140 
206 H110-4 I896 16 9.2 
207 H110-10 1430 
208 HI10-12 1551 
209 HllO-13 517 1224 
210 HllO-14 1396 
211 HllO-15 827 
212 EL10-17 655 
213 HllO-19 1034 
214 nno-20 517 465 
215 HllO-21 689 
216 HllO-23 2758 
217 HllO-24 780 
218 H110-25 586 
219 HI10-26 827 7.2 21 
.220 HllO-29 450 
221 HllO-30 620 • 
222 H110-33 758 
223 H110-34 586 
224 H110-38 758 30 
225 11110-39 586 
226 H110-40 448 
227 Hllo-41 1600 
228 11110-42 827 
229 H110-43 827 
230 H110-45 793 
231 mio-47 966 2620 
232 H110-48 896 
233 mio-49 966 
234 HllO-50 655 18 
235 +H110-51 448 827 18.7 12.4 
236 HllO-52 689 
237 mio-53 1034 
238 Hllo-56 620 
239 H110-57 689 1034 
240 mio-58 793 
I46 241 +HIIO-59 417 3448 >80 
242 H l l l - 2 4741 5 .1 15 
243 H111^3 1034 30 
244 H l l l - 2 8 800 
245 H l l l - 2 9 1300 
246 H l l l - 3 6 3500 








Mo. Film no. Ke Ne 
under under 
Fb Fe 
247 mii-37 1700 
248 Hlll-38 1000 
249 +H111-43 65OO 
250 Hill-45 1200 
251 Hin.11-46 720 
252 Hlll-47 1150 
253 Hlll-48 2700 
254 Hlll-51 950 
255 H112-1 1430 
256 H112-2 1401 
257 H112-3 1566 
258 E112-4 1502 
259 +H112-5 827 
260 H112-6 829 
261 H112-8 890 
262 H112-10 410 
263 H112-11 1379 
264 +H112-13 1034 
265 H112-15 2500 
266 H112-17 660 
267 H112-18 517 
268 HI 12-21 1310 
269 H112-25 1465 
270 +KL12-26 1172 
271 HI12-27 1420 
272 H 112-28 517 
273 H112-30 
274 H112-31 890 
275 +H112-32 655 
276 H112-J3 1420 
277 H114-2 2758 2600 
278 H114-3 896 
279 H114-5 3820 
280 H114-6 1379 
281 H114-9 517 1034 
282 11114-11 2068 
283 H114-13 896 
284 mi 4-17 1034 
285 H114-20 1300 
286 H114-22 517 
287 H114-23 689 
288 K115-1 2830 
289 H115-2 655 
290 H115-3 896 
291 H115-4 710 
292 H115-5 896 1034 
293 H115-6 724 
294 mi 5-7 465 
295 H115-8 724 
296 HI15-9 655 
297 11115-11 1758 
298 HI15-12 896 
299 H115-13 896 
300 in.15-14 1172 
A S A 6 l A 0 A 1 2 A S 2 
138 61 60 69 
11.6 35 9.3 6 
41 21 
>80 133.7 155.5 143 15-
>80 9.3 3.1 5.1 0 
>80 
10.6 9.3 9.3 6 0 
>80 60.6 
43.5 9.3 9.4 
5.5 
12.5 12.3 24.5 
6.5 
No. Fi lm no. Ne Ne 
under under 
Fb Fe 
301 E115-17 1034 
302 11115-18 1034 
303 H115-19 4000 
304 +H115-20 1750 
305 E115-2i 827 
306 H115-31 1410 
307 HI16-1 1041 
308 +H116-2 1034 1086 
309 HII6-4 862 1086 
310 H116-6 1010 
311 H116-7 1379 
312 H116-8 1824 
313 +KL16-9 1060 
314 H116-11 966 
315 . H116-12 2700 
316 H116-13 1964 
317 +H116-16 1896 
318 H116-21 2035 
319 H116-22 2035 
320 I-ai6-25 1034 
321, H116-28 1110 
322 ELI6-29 1000 
323 K116-30 2053 
324 H116-3I 1000 1041 
325 H116-34 505 
526 IIII6-35 2071 
327 HH6-36 965 
328 •1-HII6-38 5603 724 
329 H116-40 •1778 
330 H116-41 1551 
331 HII6-51 1885 
332 HII6-55 1428 
333 H116,57 1401 
334 KLI6-53 1086 
335 11116-58 603 
336 HII6-59 966 
337 H116-61 603 
338 H117-4 605 
339 HH7-7 586 
340 H117-10 517 
3 a H117-11 1431 
342 H117-12 517 
343 
344 11117-14 580 
345 HII7-15 1034 
346 H117-18 1600 
347 HII7-19 1600 
348 H117-20 1000 
349 +H117-21 1000 584 
350 H117-22 517 
351 H117-23 1571 
352 H117-28 1000 
353 H117-29 827 
A M A 6 l A C A 1 2 A 6 2 
>80 140 93 59 
7.2 12.5 6.2 
>80 140 115. 149 14 
7.2 15.2 6.2 
>80 137' 93 143 15 
21.3 
>80 143 31.1 56 11.5 
9.2 9.2 
>80 137 149 146 16 
o f f 13.3 43.5 84 6.2 
Ho. Film no. Ne Ne 
under under 
Fb Fe 
354 +H117-32 2655 2586 
355 £117-33 448 603 
356 10.17-39 700 
357 H117-42 965 
358 H117-44 517 
359 H117-47 2412 
360 HL17-50 586 
361 H117-52 1596 
362 H117-5/1 1000 1034 
363 KL18-2 1724 2844 
364 H11S-3 517 
365 +H118-4 517 586 
366 H118-7 724 
367 IEL18-8 517 
368 EL18-10 512 
369 H118-12 586 
370 H118-16 655 
371 +H118-18 656 
372 IEL18-19 620 586 
373 H118-20 896 
374 HLie-22 448 
375 11118-23 655 
376 H118-24 1428 
377 +H118-26 724 
378 KL18-27 450 465 
379 KL18-28 1100 
380 H118-29 655 
381 +H118-30 700 1896 
382 H118-31 650 
383 H118-32 827 
384 KL18-34 517 465 
385 EL18-37 1034 
386 HL18-38 517 
387 H118-39 12 a 
388 11118-40 400 586 
389 H118-42 2276 
390 H118-44 2276 
391 HII8-46 896 
392 H118-47 750 
393 KL18-49 586 
394 KL18-50 400 1100 
395 H118-51 827 
396 HL18-53 620 655 
397 K118-56 586 
398 HL19-4 465 
399 +H119-6 482 603 
400 H119-7 586 
401 EL19-8 827 
402 +H119-9 517 1060 
403 KL19-10 1402 
404 KL19-11 896 
405 HII9-13 1379 
A M A 6 l A C A 1 2 A 6 2 
15 30.5 
o f f 25 12.4 9.3 0 
o f f 21.7 6 9.3 0 
o f f 168 118 174 17 
o f f 171 62 50 15.5 
o f f 168 140 168 17.7 
No. Fi lm no. Ne Ne 
under under 
Pb Fe 
406 KL19-17 827 
407 mi9--i8 465 
408 H119-23 1401 
409 KL19-24 655 
410 H119-28 448 1379 
411 IDL19-30 896 
412 +H119-31 448 1000 
413 H119-35 896 
414 +H119-37 480 
415 KL19-40 724 
416 m. 19-41 827 
417 HII9-46 655 
418 HI19-49 586 
419 II120-2 689 2241 
420 KL20-3 620 
421 H120-4 3448 
422 HL20-6 966 
423 +H120-7 724 
424 H120-14 724 
425 H120-17 724 
426 IEL20-20 586 
427 H120-21 827 
428 H120-25 517 1241 
429 H120-29 448 
430 KL20-30 1379 
431 H120-31 1551 896 
432 +H120-32 689 
433 H120-33 517 
434 EQ.20-41 517 655 
435 KL20-42 517 
436 IH20-47 1034 
437 HJ20-48 448 
438 H120-49 655 
439 H120-51 586 
440 KL20-52 680 
441 +KL20-53 586 
442 H120-54 448 
443 H120-56 586 
444 H120-59 I896 
445 +H120-63 655 
446 HL20-64 827 
447 H120-67 827 
448 HL20-68 955 3879 
449 H120-69 1241 
450 H121-5 620 
451 KL21-6 3448 
452 H121-7 1962 
453 HL21-8 1379 
454 11121-11 1034 
455 H121-12 896 655 
A H ^ 6 1 A c 
o f f 68 68 53 
o f f 168 59 :W1 
o f f 53 21.7 12.4 
o f f 124.4 25 25 
o f f 
o f f 149 31.1 28 
o f f 177 18.6 15.5 
o f f 
No. Film No. Ne Ne A . 
under under a M 
Fb Fe 
456 H121-15 1379 
457 H121-19 1744 
458 11121-26 2586 
459 H121^28 517 
460 H122-1 450 655 
461 EL22-3 793 
462 +H122-4 1034 >80 
463 KL22-5 794 18.5 
464 H122-7 2321 
465 H122-11 896 
466 KL22-12 1000 2275 71.3 
467 H122-13 2106 
468 H122-14 1034 
469 H122-15 456 1034 
470 KL22-16 517 43 
471 KL22-19 827 3.5 
472 H122-22 1034 35.2 
473 HI 22-25 1896 
474 H122-25 2321 
475 KL22-26 896 3 
476 EL22-27 517 
477 KL22-34 827 
478 H122-36 896 
479 KL22-37 517 
480 H122-39 724 
481 ICL22-49 450 655 
482 KL22-50 1034 25.5 
483 KL22-52 896 
484 ffl.22-53 896 
485 +KL23-4 1240 
486 H123-6 650 1379 
487 H123-7. 896 
486 H123-9 966 
489 H123-11 620 586 
490 H123-13 896 
491 H123-15 3534 
492 KL23-18 655 
493 EL23-19 * 517 
494 H123-26 1379 >80 
495 EL23-29 1310 
496 H123-31 2700 724 
497 H123-32 5357 
498 +H123-40 1310 960 >80 
499 KL24-7 1700 
500 EL24-18 1500 
501 HL25-2 586 
502 +H125-3 827 40.3 
503 H125-4 655 
6^1 Ac A 1 2 
162 124 171 
30.1 9 
9 15 
68.4 62.2 59 . I 
Ho. Film no. He Ne A A 
under under ^61 
Fb Fe, 
504 H125-5 655 
505 II125-7 655 
506 H125-9 670 21.3 
507 m.25-10 586 
508 +H125-12 2413 6 
509 H125-16 724 
510 +H125-17 1724 40 171 
511 +H125-18 1034 >80 6.2 
512 +H125-19 1206 >80 6.2 
515 H125-20 1034 
514 H126-1 827 
515 +H126-4 2034 >80 12.4 
516 H126-18 827 
517 H126-21 1150 1379 
518 KL26-22 827 47.4 
519 H126-24 896 
520 +H127-2 2068 6004 >80 137 
521 H127-5 827 
522 10.27-7 655 
523 H127-8 724 
524 KL27-10 655 
525 H127-13 586 
526 H127-21 2500 
527 H127-27 1034 
528 H128-2 655 
529 H128-3 655 5.5 15 
530 H128-4 1379 15.3 
551 H128-5 655 
552 H128-6 410 
533 H128-8 586 
534 E128-9 448 827 76.4 
535 m.28-11 1579 15.3 
536 H128-14 827 
537 H128-15 655 
538 H128-18 724 
539 HL28-19 517 
540 H128-21 1034 
541 +H128-22 1310 1896 80.6 68.4 
542 H128-23 586 
543 H128-24 517 
544 H128-27 1034 56 
545 +E128-31 IO69 >so 90.2 
546 H128-32 827 
547 H128-34 724 
548 H128-36 1379 
549 H128-37 1034 
550 +H128-40 793 1034 >80 140 
551 H128-41 1138 1379 > 8 0 
552 H128-43 517 
553 H128-44 1724 
Ac A i 2 '62 
3 
124 202 16.5 
9.3 3.1 0 
3 . 3 . 1 . 0 





31 18.7 4.6 
62 25 4.5 
So Film No. He Ne 
under under 
Fb Fe 
554 H128-45 3017 
555 H128-46 2275 
556 H128-48 689 
557 +K128-49 517 IO69 
558 H128-51 724 
559 H-H128-53 1379 
560 +H128-56 980 
561 H128-58 1551 
562 KL28-60 448 1241 
56? EL28-62 655 
564 +H128-63 793 
565 KL29-1 1241 
566 H129=4 827 
568 H129-5 793 
569 H129-6 500 
570 H129-11 896 
571 +H129-14 556 
572 H129-15 780 
573 H129-16 1300 
574 H129-18 5000 3879 
575 H129-25 724 
576 11129-26 724 
577 H129-27 827 
578 H130-8 620 
579 H130-9 896 
580 H130-16 896 
581 KL30-18 1655 1379 
582 H130-20 724 
583 H130-22 827 
584 H130-23 3793 
585 HL3O-24 724 
586 H130-28 448 
587 H130-31 450 
588 III3O-32 450 724 
589 HI3O-34 586 
590 H130-35 620 
591 +H130-36 517 
592 KL30-46 550 
593 +H130-50 900 
594 H130-51 720 
595 H130-53 800 
596 H130-
597 EL30-57 64O 
598 11130-62 900 
599 K130-66 480 
600 ID.50-68 540 
601 H130-72 500 660 
A M A 6 1 A c A 1 2 
>80 18.6 
48 22 16 
>80 56 34 25 
80.5 65 15.5 18.6 
o f f 143 37.3 46.6 
14.5 
30.4 
•80 77.7 25 22 
No. Film No. Ne Ne 
under under 
Fb Fe 
602 KL31-4 896 
603 E131-6 450 
604 K131-7 1034 
605 H131-9 1379 
606 KL31-10 793 
607 KL31-11 655 
608 H131-13 448 
609 11131-14 3571 
610 H131-18 1100 
611 H131-22 517 
612 H131-23 1241 
613 H131-24 1379 
614 H131-25 3392 
615 H131-28 827 
616 H131-29 2155 
617 E131-30 450 
618 H131-31 1051 
619 H131-33 655 
620 H131-34 586 
621 H131-35 655 
622 H131-39 2069 
623 KL32-3 1379 
624 III32-4 1379 
625 +H132-5 IO69 
626 H132-7 1707 
627 K132-9 6000 
628 +H132-12 1034 
629 H132-15 620 
630 H132-19 896 
631 K132-21 448 
632 KL32-23 586 
633 KL32-24 655 
H132-25 4643 
634 +H132-26 960 
635 H133-2 827 
636 H133-5 . 480 900 
637 H133-6 827 
638 +H133-7 620 586 
639 +H134-3 620 
640 H134-5 655 
641 +H134-7 724 
642 H134-8 420 
643 H135-12 465 
644 H135-13 793 1034 
645 m.35-15 465 
646 H135-17 1034 
647 H135-22 465 
648 E135-23 655 
649 H135-24 463 
A
M





80 146.2 56 68 5 
32.5 46.6 25 0 5 
35 36.3 6.2 
80 143 99.5 56 6 
53 146 99.5 56 0 
o f f 143 81 40 0 
o f f 143 46.6 68 0 
>80 
No. J l lm No. Ne Ne 
tinder under 
Fb Pe 
650 H150-7 500 
651 +H156-2 1035 
652 H136-1 724 
653 HI36-6 586 
654 10.36-7 5172 1724 
655 H136-9 465 
656 HI36-I5 462 
657 H137-1 586 
658 H137-2 724 
659 H137-3 827 
660 H137-7 1551 
661 +H138-1 450 
662 +H138-2 550 
663 +H138-3 450 
664 +H139-1 1379 
665 H139-3 586 
666 10.39-4 724 
667 H139-5 1034 
668 +H139-7 820 640 
669 H139-8 1800 
670 H139-11 610 
671 HI40-7 724 
672 HI40-8 1379 
673 H140-9 1034 896 
674 HI40-10 655 
675 EL 40-11 724 
676 HI 40-13 724 
677 H140-14 327 
678 IE141-3 465 
679 HI 41-7 586 
680 H141-10 655 
681 HI42-2 1724 
682 H142-5 655 
683 H142-6 1034 
684 H142-7 586 
685 III42-IO 1800 
686 HI 42-12 586 
687 III42-I3 896 
688 +IU42-I8 896 
689 H142-20 1724 
690 H154-3 2400 
691 Hi 43-I 689 
692 H143-2 724 1586 
693 H143-2 1034 
694 +HI43-6 1034 
A
M
 A 6 1 A C A 1 2 A 6 2 
o f f 15.5 9.3 9.3 0 
80 155 49.7 93 0 
32 9 
o f f 74.6 49.8 31.1 0 
o f f 15.5 12.4 9.5 0 
o f f 140 62 124 o f f 
o f f 218 93 143 o f f 
48 143 50 53 9 
60 
o f f 103 34 40 
o f f 186.6 93 109 
o f f 137 46.6 21.7 
No. Film no. He Ne 
under under 
Fb Ee 
695 Hi43-8 400 
696 E154-4 780 
697 H144-1 1379 
698 HI 44-2 586 
699 HI 44-6 2500 
700 HI44-13 1034 
701 HI 44-14 655 
702 H144-15 462 
703 H144-17 586 
704 H145-4 2700 2931 
705 +H145-12 3700 
706 H145-13 615 
707 HI46-I 655 
708 +III46-2 655 
709 +H146-3 1480 
710 KL47-2 480 710 
711 TI147-4 940 
712 H147-5 680 
715 +II147-6 640 
714 HI47-7 710 
715 H147-8 940 
716 +H148-I 400 500 
717 HI48-2 1050 
718 +EL48-3 420 64O 
719 +H172-2 723 
720 H149-2 960 
721 H149-3 900 
722 H149-5 5200 
723 H149-6 ' 1700 
724 +KL49-9 1800 
725 H149-12 2000 
726 KL49-13 900 960 
727 KL49-14 1300 
728 H149-17 960 
729 11149-18 1300 
730 H149-19 2100 
731 ••G149-21 
732 +H150-4 440 
733 +H151-1 586 
734 +H152-3 520 760 
735 +H152-4 1379 
736 Hi53-1 780 
737 H153-2 780 
738 +H154-2 900 
739 +H154-6 720 
off 34.2 12.4 12.4 0 
off 373 217.7 249 
* 
130 
off 86 68 49.7 6 
off 93 62.2 140 9.3 
off 31 21.7 12 0 
off 140 93 131 0 
off 137 47 31 0 












off 140 47 62 0 
off 37.3 37.3 31 0 
12 62 49.7 28 0 
off 130 46.6 93 0 
80 155.5 124 15.5 31 
off 12.4 9.3 6.2 0 
off 18.7 9.3 12.4 0 
off 86 15.5 15.5 0 
No. Film no. Ne He 
under under 
Fb 
740 +KL58-1 966 
741 m.71-4 1100 
742 +H174-4 700 
743 +K174-25 1700 
744 m.02-15 3450 
745 IU02-1 5000 
746 H101-18 675 
747 H109-52 710 
748 K109-45 658 
749 H109-46 658 
750 II114-5 3500 
751 • HII4-I6 655 
752 H114-19 655 
755 H114-21 724 
754 H114-25 655 
755 H114-26 .724 
756 HII4-27 724 
757 H115-10 655 
758 HII5-I5 655 
759 HII5-25 695 
760 HI15-50 710 
761 H116-47 605 
762 H116-54 605 
A h A 6 1 A 0 A u 
o f f 150 57 40 
o f f 143 56 31 
o f f 137 124 62 
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